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The ability to effectively deliver genetic material to vascular endothelial cells remains one of the greatest
unmet challenges facing the development of gene therapies to prevent diseases with underlying vascular
etiology, such as diabetes, atherosclerosis, and age-related macular degeneration. Herein, we assess the
effectiveness of an rAAV2-based capsid mutant vector (Y272F, Y444F, Y500F, Y730F, T491V; termed
QuadYF+TV) with strong endothelial cell tropism at transducing the vasculature after systemic admin-
istration. Intravenous injection of QuadYF+TV resulted in widespread transduction throughout the
vasculature of several major organ systems, as assessed by in vivo bioluminescence imaging and post-
mortem histology. Robust transduction of lung tissue was observed in QuadYF+TV-injected mice, indi-
cating a role for intravenous gene delivery in the treatment of chronic diseases presenting with pulmonary
complications, such as a1-antitrypsin deficiency. The QuadYF+TV vector cross-reacted strongly with
AAV2 neutralizing antibodies, however, indicating that a targeted delivery strategy may be required to
maximize clinical translatability.

INTRODUCTION

DYSFUNCTION OF VASCULAR ENDOTHELIAL CELLS un-
derlies the development and progression of several
potentially life-threatening diseases, including di-
abetes mellitus,1 hypertension,2 atherosclerosis,3

and coronary artery disease.4,5 Although current
drug-based therapies demonstrate that ameliora-
tion of vascular dysfunction can be successfully
achieved through modulation of key endothelial
cell-specific pathways,6–16 treatment effects are
invariably short-lived, requiring daily dose ad-
ministration throughout a patient’s lifetime. As a
consequence, the ability to permanently modify
endothelial cells through gene augmentation rep-
resents an exciting therapeutic avenue for the
treatment of chronic vascular disease, potentially
allowing long-term treatment to be achieved after a
single intervention. However, previous efforts to
target vascular endothelial cells in vivo through
intravenous administration of native DNA17 or of
recombinant adeno-associated viral (rAAV)18,19 or
adenoviral vectors20,21 have proven to be ineffec-

tual, resulting in minimal vascular transduction
and, frequently, acute systemic toxicity.22,23

Attempts have been made to improve on the
native properties of rAAV vectors by introducing
targeted mutations within the shared C-terminal
domain of the structural proteins (VP1/VP2/VP3)
that comprise the viral capsid (see Fig. 1A). Spe-
cifically, site-directed tyrosine-to-phenylalanine
(Y–F) and threonine-to-valine (T–V) substitutions
have been shown to effectively prevent phosphor-
ylation and subsequent ubiquitin-mediated pro-
teolysis of the capsid, resulting in substantially
improved transduction efficiency and altered tro-
pism in several tissues, including the eye,24–26

brain,27 and muscle.28 Building on these studies,
herein we evaluate a number of AAV serotype 2
(AAV2)-based vectors containing combinations of
single-amino acid substitutions at specific sites
throughout the shared C-terminal domain (Y272F,
Y444F, T491V, Y500F, Y730F; see Fig. 1A) to de-
termine their tropism for vascular endothelial cells
when administered systemically.
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MATERIALS AND METHODS
Animals

All animal experiments were performed in
compliance with the Association for Research in
Vision and Ophthalmology (ARVO) Statement for
the Use of Animals in Ophthalmic and Visual Re-
search and ARRIVE (Animal Research: Reporting
of in Vivo Experiments) guidelines, and were con-
ducted in accordance with an approved Institu-
tional Animal Care and Use Committee protocol
(principal investigator, D.M. Lipinski; protocol ID,
201308119). Eighteen juvenile (6–8 weeks of age)
C57BL/6J or BALB/c mice were purchased from
Jackson Laboratory (Bar Harbor, ME) and housed
under standard 12:12 light/dark cycle conditions
with food and water available ad libitum. An-
esthesia was induced for all nonterminal pro-
cedures by a single intraperitoneal injection of
ketamine (60 mg/kg body weight; Bioniche, Gal-

way, Ireland) and xylazine (10 mg/kg body weight;
Lloyd, Shenandoah, IA). Anesthesia was reversed
after completion of the procedure by intraperito-
neal injection of atipamezole hydrochloride (Anti-
sedan, 5 mg/kg body weight; Orion Pharma, Espoo,
Finland) and ophthalmic ointment (2.5% hypro-
mellose; Akorn, Lake Forest, IL) applied to prevent
corneal desiccation.

Vector production
AAV vector preparations were produced by a

double-plasmid cotransfection method, as described
previously.29 Briefly, one CellSTACK (Corning,
Corning, NY) seeded with approximately 1 · 109

HEK-293 cells was cultured in Dulbecco’s modified
Eagle’s medium (HyClone Laboratories, Logan,
UT) containing 5% fetal bovine serum (FBS) and
antibiotics (cDMEM). Transfection precipitation
was established by mixing a 1:1 molar ratio of

Figure 1. (A) Scale representation of the AAV2 capsid (Cap) protein shared VP1/VP2/VP3 C terminus highlighting the position of each capsid mutation relative
to the major structural domains: yellow, b-strand; blue, a-helix; red, turn. Amino acid substitutions of each capsid mutation are highlighted with corresponding
genomic changes shown below in red. (B) Schematic representation of the ubiquitously expressing fluorescent reporter construct used for in vitro studies: ITR,
inverted terminal repeat; CMVie, cytomegalovirus immediate-early enhancer; CBA, chicken b-actin promoter; SD/SA, splice donor/acceptor; EGFP, enhanced
green fluorescent protein; p(A), polyadenylation signal. (C–G) Transduction of primary bovine endothelial cells (MOI of 100,000, all groups) demonstrates that
efficiency increases additively with the numbers of capsid mutations present; the transduction efficiency of each vector was subsequently quantified by flow
cytometry (H). n = 3–5 wells per vector, ***p < 0.001, one-way ANOVA with Tukey post-hoc test. Scale bars, 20 lm.
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rAAV vector plasmid DNA and serotype-specific
rep–cap helper plasmid DNA with calcium phos-
phate (CaPO4), which was subsequently added to
1100 ml of cDMEM, applied directly to the Cell-
STACK, and incubated for 60 hr at 37�C, 7% CO2.
The cells were harvested and lysed by multiple
(three) freeze–thaw cycles, and the crude lysate
was clarified by centrifugation. The resulting
vector-containing supernatant was divided among
four discontinuous iodixanol step gradients, which
were centrifuged at 350,000 · g for 1 hr. After cen-
trifugation, approximately 5 ml of the 60–40% step
interface was removed from each gradient and
pooled before column chromatography on a 5-ml
HiTrap Q Sepharose (anion-exchange) column,
using a Pharmacia ÄKTAFPLC system (GE
Healthcare Life Sciences, Pittsburgh, PA). The
vector was eluted from the column with 215 mM
NaCl, pH 8.0, and the rAAV peak was collected.
The vector-containing fraction was then concen-
trated by buffer exchange in Alcon balanced salt
solution (BSS; Alcon, Fort Worth, TX) containing
0.014% Tween 20, using a Biomax 100K concen-
trator (Millipore, Billerica, MA). Vector was then
titered for DNase-resistant vector genomes by real-
time PCR relative to a standard.

In vitro transduction assay
Bovine retinal endothelial cells were harvested

by filtration as described previously30 and plated in
4-chamber glass slides (Lab-Tek; Electron Micro-
scopy Sciences, Hatfield, PA) at a density of 1 · 104

cells per well. After a 24-hr period to allow for ad-
hesion cells were transduced by the addition into
the medium of unmodified AAV2 or capsid mu-
tant AAV2-based vectors packaging an enhanced
green fluorescent protein (EGFP) reporter con-
struct driven by a vascular endothelial cell-specific
promoter (VECadherin; cadherin-5). All vectors
were applied at a multiplicity of infection (MOI) of
100,000 and three replicates (wells) were per-
formed for each. Three days were allowed for virus
expression, after which cells were fixed in 4%
paraformaldehyde (PFA), imaged with an Olympus
IX70 inverted fluorescence microscope, and subse-
quently detached (1% trypsin–EDTA) for quantifi-
cation by flow cytometry with a FACSCalibur (BD
Biosciences, Sparks, MD) cell analyzer optimized
for quantification of EGFP-positive cells gated by
size and granularity.

Neutralizing antibody assay
Neutralizing antibody experiments were car-

ried out as described previously.24,31 Briefly, un-
modified AAV2 and QuadYF+T491V capsid mutant

vector (AAV vector incorporating five [Y272F,
Y444F, Y500F, Y730F, T491V] mutations) pack-
aging a self-complementary mCherry (red fluo-
rescent protein) reporter gene driven by a
ubiquitously expressing promoter (small chicken
b-actin) were preincubated at 37�C for 1 hr in 2-fold
dilutions (1:40, 1:80, 1:160, and 1:320) of serum
known to contain a high (seropositive) or low (se-
ronegative) concentration of AAV2 neutralizing
antibodies. After incubation, vector-containing se-
rum samples were applied to ARPE-19 cells seeded
in 96-well plates at an MOI of 5000 for 1 hr before
the addition of 100 ll of DMEM containing 20%
FBS. ARPE-19 cells were selected because of their
permissiveness to transduction by most AAV vec-
tor serotypes, including unmodified rAAV2. All
samples (conducted in triplicate) were incubated
for 72 hr to allow for transgene expression, fixed in
4% PFA, and subsequently detached (1% trypsin–
EDTA) for quantification by flow cytometry with a
FACSCalibur cell analyzer (BD Biosciences) opti-
mized for quantification of mCherry-positive cells
gated by size and granularity.

Vector injection
After induction of anesthesia each mouse was

placed in a left lateral recumbent position and the
right eye was partially prolapsed by applying
gentle pressure medially and laterally with the
fingers. Injections were performed by advancing a
low-volume disposable syringe (AirTite Norm-Ject;
Henke Sass Wolf, Tuttlingen, Germany) with at-
tached 27-guage intermediate-bevel needle (Covi-
dien, Mansfield, MA) at an acute angle through the
medial canthus into the retro-orbital venous sinus.
Viral vector suspended in a total volume of 200 ll of
BSS was injected into the vasculature of each ex-
perimental animal by slow manual perfusion. Any
animals showing evidence of substantial reflux or
bleeding were immediately killed and excluded
from experimental assessment; successfully in-
jected animals were recovered and returned to
group housing for a period of 5–6 weeks to allow for
vector expression. New syringes and needles were
used for each injection to avoid vector contamina-
tion between animals.

Tissue harvesting
Five to 6 weeks postinjection, mice were killed by

transcardial perfusion under terminal anesthesia;
briefly, anesthetized mice were pinned in a supine
position and the heart was visualized by removal of
the rib cage. The right atrium was resected and
10 ml of phosphate-buffered saline (PBS) followed
by 10 ml of formalin (10%, v/v) perfused into the left
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ventricle. After perfusion all major organs (eyes,
brain, lungs, heart, spleen, kidneys, liver, and
pancreas) were harvested and trimmed of excess
tissue. Once trimmed, half of each major organ
system (e.g., one kidney) was cryoprotected in 30%
sucrose overnight at 4�C before embedding in op-
timal cutting temperature (O.C.T.) medium, and
the second half of each organ system was dehy-
drated for embedding in paraffin. O.C.T. blocks
were stored at -80�C and paraffin blocks were
stored at room temperature until sectioned.

Histology
Paraffin slides (5 lm) for light microscopy were

deparaffinized (xylene), rehydrated (graded etha-
nol washes), and subjected to citric acid epitope
retrieval (Citra Solution; BioGenex, Fremont, CA)
for 30 min before blocking with dual endogenous
enzyme block (Dako, Carpinteria, CA) for 10 min.
Nonspecific background staining was reduced fur-
ther with Sniper (Biocare Medical, Walnut Creek,
CA) for up to 60 min before sections were incubated
with rabbit anti-GFP antibody (#ab290, 1:750 di-
lution; Abcam, Cambridge, MA) overnight at 4�C.
GFP staining was visualized by MACH 2 rabbit–
horseradish peroxidase (HRP) polymer detection
(Biocare Medical) for 30 min and Liquid Perma-
nent Red (Dako, Carpinteria, CA) administration.
Slides were counterstained with hematoxylin
(Biocare Medical) and mounted in Faramount
aqueous medium (Dako). O.C.T. slides (12 lm) for
fluorescence microscopy were permeabilized and
subjected to autofluorescence eliminator reagent
(Millipore) before being blocked with 10% normal
donkey serum for 1 hr and incubated overnight
with rabbit anti-GFP antibody (1:750 dilution; kind
gift of W. Clay Smith, Department of Ophthal-
mology, University of Florida, Gainesville, FL) at
4�C. GFP staining to enhance native fluorescence
was achieved with a fluorescein isothiocyanate
(FITC)-conjugated donkey anti-rabbit antibody
(1:350 dilution; Alexa Fluor 488; Invitrogen, Grand
Island, NY) incubated for 1 hr at room temperature
before counterstaining with Hoechst 33342 (1:500
dilution; Invitrogen) for 15 min and mounting with
VECTASHIELD (Vector Laboratories, Peterbor-
ough, UK).

Statistics
Two-way analysis of variance (ANOVA) with

dilution and vector serotype as variables was used
to assess the effect of AAV2 neutralizing antibodies
on transduction efficiency. The effect of serotype on
transduction efficiency was also assessed by one-
way ANOVA with vector serotype as a variable; the

Tukey or Sidak post-hoc test was applied as ap-
propriate. Genome particle quantification between
organs was assessed by two-tailed t test. The sig-
nificance set at p < 0.05 in all instances.

RESULTS

The efficiency with which purified AAV vec-
tors incorporating up to five Y–F/T–V mutations
(TrplYF, TrplYF+TV, QuadYF, and QuadYF+TV;
Fig. 1A) transduce endothelial cells was evaluated
initially in vitro, using both primary endothelial
cells harvested from bovine retinas and immor-
talized human umbilical vein endothelial cells
(HUVECs). Purified vectors (Supplementary Table
S1; supplementary data are available online at
www.liebertpub.com/hum) packaging a ubiquitous
promoter upstream of a fluorescent reporter gene
(CBA-EGFP; Fig. 1B) were applied to primary bo-
vine endothelial cells (MOI, 105) and assessed 3
days later by fluorescence microscopy and flow cy-
tometry, revealing that transduction efficacy in-
creased proportionally to the number of amino acid
substitutions (Fig. 1C–G). QuadYF+TV-mediated
transduction was significantly higher than that
achieved with unmodified rAAV2 capsid or capsid
mutant variants containing fewer substitutions
( p < 0.0001, all comparisons; one-way ANOVA with
Tukey post-hoc test; Fig. 1H); this observation was
additionally confirmed in HUVECs (Supplemen-
tary Fig. S1A–H).

On the basis of this initial observation, we
evaluated the extent of endothelial transductions
in vivo after systemic administration of the Qua-
dYF+TV serotype vector. To this end, a luciferase
(Luc) reporter construct was packaged into un-
modified rAAV2 and QuadYF+TV serotype vectors
(Supplementary Table S1); because of the large size
of the luciferase reporter gene (1652 bp), a short
variant (933 bp) of the endothelial cell-specific
cadherin-5 promoter (smVECad) was used to drive
expression (Fig. 2D). Purified vectors were injected
intravenously into young adult (>8 weeks) non-
pigmented mice (BALB/c) via the retro-orbital si-
nus, a venous drain located posterior of the eye at
the orbit’s medial wall.32 Systemic expression was
assessed by in vivo bioluminescence imaging 4
weeks after vector injection, revealing that intra-
venous administration of rAAV2.smVECad-Luc
resulted in robust transduction of the liver (Fig. 2B).
By contrast, QuadYF+TV.smVECad-Luc-injected
animals demonstrated widespread biolumines-
cence signal throughout the abdomen, thorax, and
head, with an apparent absence of liver transduc-
tion (Fig. 2C).
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To assess tropism at the tissue level, young adult
(>8 weeks) pigmented mice (C57BL/6J) were in-
jected intravenously with unmodified rAAV2 vec-
tor or QuadYF+TV vector packaging a fluorescent
reporter construct (enhanced green fluorescent
protein; EGFP) under the control of either a ubiq-
uitous or endothelial cell-specific promoter. In line
with previous studies, extensive transduction of
liver hepatocytes was observed after injection of
either unmodified rAAV2 vector (data not shown)
or QuadYF+TV vector packaging a ubiquitously
expressing chicken b-actin (CBA) promoter (Fig.
3A and B). The inclusion of a full-length (2529 bp)
endothelial cell-specific promoter (VECad) resulted
in low-level liver transduction with substantially

fewer hepatocytes transduced throughout; signifi-
cantly, transgene expression within the liver was
observed to be restricted predominantly to endo-
thelial cells of the hepatic artery (HA), portal vein
(PV), and bile ducts (BD) that comprise the portal
triad (Fig. 2F and G, and Fig. 3C and D). In-
travenous administration of QuadYF+TV.VECad-
EGFP vector also resulted in limited transduction of
several other organ systems, including the kidneys
(Fig. 2H and I), pancreas (Fig. 2J and K), and eyes,
where transduction was restricted predominantly to
the blood vessels of the choroid (Fig. 2N and O),
rather than the retinal vasculature (data not
shown). In each organ, transduction was observed to
be restricted primarily to the endothelium of the

Figure 2. Bioluminescence imaging of BALB/cJ mice injected intravenously with either PBS (A), unmodified AAV2 (B), or QuadYF+TV (C) vector packaging
an endothelial cell-specific luciferase reporter construct. (D and E) Schematic representation of the vectors used for in vivo assessment of tropism: (D) small
vascular endothelial cadherin (smVECad) promoter and (E) full-length vascular endothelial cadherin (cadherin-5) promoter. Representative paraffin (F–M) or
cryofrozen (N and O) sections of organs harvested from QuadYF+TV.VECad.GFP-injected mice versus PBS sham-injected controls (C57BL/6J; n = 9 per group).
Widespread transduction is observed in endothelial tissues of the liver (F and G), kidney (H and I), pancreas (J and K), lung (L and M), and choroid of the eye
(N and O). Red signal (F–M), anti-GFP immunostaining; green signal (N and O), intrinsic fluorescence. Bottom: The relative levels of transduction across all
injected animals (n = 9) is summarized for each organ: –, no transduction observed in any animal; +, weak or inconsistent transduction observed; ++ , moderate
mostly consistent transduction observed; +++, strong very consistent transduction observed. Al, alveoli; BD, bile duct; BV, blood vessel; Ch, choroid; CT,
connective tissue; HA, hepatic artery; Gl, Glomeruli; IL, islet of Langerhans; Pn, pneumocyte; PV, portal vein; Scl, sclera; RPE, retinal pigment epithelium.
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vasculature; no transgene expression was observed
in the glomeruli (kidneys) or islets of Langerhans
(pancreas). Strikingly, lungs harvested from
QuadYF+TV.VECad-EGFP-injected animals dem-
onstrated strong transgene expression throughout
compared with rAAV2-injected animals with
transduction of alveolar blood vessels and sur-
rounding pneumocytes evident (Fig. 2L and M, and
Fig. 3E–H). No transduction was observed in the
heart, brain, spleen, or peripheral muscle (data not
shown).

As it has previously been demonstrated that
specific capsid mutations can lead to altered rec-
ognition by the humoral immune system,33–36

we further evaluated the cross-reactivity of the
QuadYF+TV vector with neutralizing antibodies
raised against the wild-type AAV2 capsid, which
are present in up to 30% of the human popula-
tion.37,38 rAAV2 and QuadYF+TV vectors packag-
ing a ubiquitously expressing self-complementary
fluorescent reporter construct (smCBA-mCherry;
Fig. 4A) were preincubated with 2-fold dilutions
(1:40, 1:80, 1:160, and 1:320) of primate serum
containing either high (seropositive) or low (sero-
negative) levels of wild-type AAV2 neutralizing
antibodies, as described previously (Fig. 4B).24,31

The in vitro transduction efficiency of each vector
was assessed on ARPE-19 cells by quantification
of cellular fluorescence by flow cytometry after

vector–serum coincubation. It was revealed that
serum containing high levels of wild-type AAV2
neutralizing antibodies significantly inhibited trans-
duction by QuadYF+TV at all dilutions compared
with seronegative samples (Fig. 4C; p < 0.0001, all
dilutions; two-way ANOVA with Sidak post-hoc
test), indicating strong cross-reactivity even at low
antibody concentrations.

DISCUSSION

Herein, we have demonstrated that addition of
up to five Y–F/T–V capsid mutations (Y272F,
Y444F, T491V, Y500F, Y730F) increases vascu-
lar endothelial cell transduction in an additive
manner, and critically leads to widespread trans-
duction of the vasculature after intravenous ad-
ministration. This finding strongly indicates that
the QuadYF+TV capsid mutant vector may facili-
tate the targeted delivery of therapeutic trans-
genes to endothelial cells, allowing for the first time
the possibility of treating long-term chronic vas-
cular diseases after a single therapeutic interven-
tion. In particular, the robust transduction of lung
tissue observed is highly significant, indicating
that the QuadYF+TV vector may be used for
transgene delivery to tissues of the lung for the
treatment of chronic diseases presenting with
pulmonary complications, such as a1-antitrypsin

Figure 3. (A–D) Representative images of whole liver lobes from mice (C57BL/6) injected with QuadYF-TV packaging either a ubiquitously expressing chicken
b-actin (CBA) promoter (A and B) or vascular endothelial cell-specific (VECad) promoter (C and D), showing gross histological features; note the relative
absence of hepatocyte transduction when using the endothelial cell-specific promoter. (E–H) Representative images of whole lung lobes harvested from
unmodified rAAV2- and QuadYF-TV-injected mice (C57BL/6), showing gross histological features; note the relative absence of lung transduction in rAAV2-
injected animals. Red signal (A–H), anti-GFP immunostaining. Scale bars, 100 lm.

772 LIPINSKI ET AL.



(ATT) deficiency. Although these findings are highly
encouraging with respect to the potential treatment
of human vascular disease, the extent and longevity
of transgene expression in vascular endothelial cells
would necessarily need to be assessed in relevant
disease models, due to likely differences in trans-
duction of abnormal (i.e., dysfunctional or angio-
genic) vasculature and the rate of endothelial cell
turnover, which is largely organ specific. In addi-
tion, there exist a number of factors that would
likely complicate the clinical translatability of the
QuadYF+TV vector if administered via a systemic
approach.

First, the observation that circulating antibodies
raised against wild-type AAV2 effectively neutral-
ize the QuadYF+TV capsid would contraindicate
use of the vector in many human patients, up to
30% of whom have preexisting immunity to wild-
type AAV2. However, some studies have demon-
strated that preexisting humoral immunity to the
AAV capsid can be partly circumvented through
treatment with ‘‘dummy’’ capsids that act to se-
quester circulating neutralizing antibodies.39

Alternatively, preexisting immunity can be modu-
lated through transient immunosuppression40,41

or plasmapheresis,33,42 although these have pro-
ven to be effective only in patients with low starting
antibody titers.

Second, a substantial vector dose (*1012 vector
genomes [VG] per animal) was required to achieve
effective transduction efficiency in the mouse
models used herein. An estimate based on blood
volume and body mass relative to these study ani-
mals suggests that an effective dose for systemic
administration in a human patient may be three to

four orders of magnitude greater (*1015–1016 VG)
per patient. Although this would initially appear
to be economically and logistically unfeasible, ad-
vances in AAV production technology based on
packaging of rAAV using baculovirus or herpes
simplex virus (HSV) platforms has led to signifi-
cantly improved production capability for clinical-
grade vector.43–45

Yet as a consequence of these barriers, the tar-
geting of vascular endothelial cells from the lu-
minal aspect may best be achieved through a
combinative approach, using a vector with strong
endothelial tropism (e.g., QuadYF+TV) adminis-
tered via a targeted surgical delivery route. Spe-
cifically, this may be achieved through direct
endovascular catheterization of the primary artery
feeding a target organ. Such an approach has been
used successfully to transduce liver hepatocytes in
human patients with hemophilia after intrahepatic
artery infusion of AAV-Factor IX.34 By using a di-
rected surgical approach to deliver vector to the
vasculature of an individual organ, one would ex-
pect that the scope for vector neutralization would
be substantially reduced because of delivery of vi-
rions in close proximity to the target endothelial
cells. Furthermore, it is likely that this will lead to
an increase in transduction efficiency, while si-
multaneously limiting the vector dose required per
patient and the potential for ectopic gene expres-
sion. This last consideration may be particularly
important when developing treatments aimed at
preventing localized neovascularization through
overexpression of antiangiogenic compounds (e.g.,
sFlt-1 for age-related macular degeneration) where
off-target inhibition of angiogenesis—a normal

Figure 4. (A) Schematic representation of the self-complementary fluorescent reporter construct used for in vitro neutralization assay. ITR, inverted terminal
repeat; smCBA, small chicken b-actin promoter; mCherry, red fluorescent reporter gene; p(A), polyadenylation signal. (B) Diagrammatic workflow of in vitro
neutralization experiments. (C) Neutralization of AAV2 (left) and QuadYF-TV (right) vectors by serum containing high (Sero +ve) or low (Sero –ve) levels of
neutralizing antibodies raised against AAV2 at dilutions ranging from 1:40 to 1:320 as assessed by flow cytometry. A high percentage of neutralization (90–
100%) indicates that transduction of the ARPE-19 cells by the vector has been effectively inhibited, that is, little to no transgene expression was observed. It is
clear that despite the introduction of five capsid mutations, circulating antibodies raised toward wild-type AAV2 recognize the QuadYF-TV vector capsid.
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process in many tissues—may have serious dele-
terious effects. In more complex diseases, such as
AAT deficiency, which affects multiple organ sys-
tems—notably the lungs and liver—it is unclear
whether it would be beneficial to restrict expres-
sion of the therapeutic transgene (e.g., Serpina1)
only to endothelial cells of the organ primarily af-
fected (e.g., the lungs), dysfunction of which un-
derlies the development of emphysema and is the
primary cause of mortality in patients with AAT.
Indeed, given the barriers to successful systemic
administration, it may be beneficial in terms of
maximizing therapeutic efficacy to treat each or-
gan system individually, even in diseases that are
systemic in nature (e.g., diabetes); this may be
particularly relevant for the treatment of diseases
where pathogenesis occurs at different rates in
each organ system.

Although it was not possible to perform targeted
intravenous cannulation in the rodent model pre-
sented herein, the injection route used (venous vs.
arterial) may have contributed to the transduction
pattern observed after QuadYF+TV vector admin-
istration. By administering vector into the venous
branch via the retro-orbital venous sinus, one ex-
pects that the first major capillary bed to be en-
countered by AAV virions would be in the lungs—
having first traversed the superior vena cava,
heart, and pulmonary artery. The injection route
chosen herein may account for the robust lung
transduction observed, and supports previous evi-
dence (e.g., see Ogura et al.46 and Huda et al.47)
that the site of vector delivery is critical to achieving
effective transduction levels of a given target tis-
sue. The relatively lower levels of transduction
observed in other organs with the QuadYF+TV
vector, despite its strong vascular tropism, is most
likely associated with sequestration of virions by
lymphoid tissues (e.g., the spleen) on reaching the
arterial branch.48

In conclusion, we have described for the first
time a capsid mutant AAV vector with strong tro-
pism for vascular endothelial cells both in vitro and
in vivo. The robust transduction of lung endothelial
tissue after QuadYF+TV injection has particularly
significant implications for the treatment of vas-
cular disease with pulmonary etiology. The ab-
sence of endothelial transduction in the lungs of
animals injected with unmodified rAAV2 vector via
the same route (retro-orbital) highlights that a
vector with strong endothelial cell-specific tropism
is critical to achieving high levels of vascular
transduction. However, that transduction of lung
endothelial cells was observed to be strongest in
QuadYF+TV-injected animals indicates that the

route of administration may also be an important
consideration to successfully achieving transduc-
tion of the endothelial cells of a specific organ. In
human patients, systemic transgene expression
may be problematic to achieve, or indeed undesir-
able, given the therapeutic transgene to be ex-
pressed. As a consequence, effective transduction
of the vasculature may best be achieved by an
approach that combines a vector demonstrating
strong endothelial tropism with a surgical admin-
istration route intended to circumvent barriers
to AAV transduction, such as endovascular cathe-
terization.
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