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Abstract

Adeno-associated virus (AAV) has been investigated to transfer the cystic fibrosis transmembrane conductance regulator
(CFTR) to airways. Inhaled AAV2-CFTR in people with cystic fibrosis (CF) is safe, but inefficient. In vitro, AAV2
transduction of human airway epithelia on the apical (luminal) side is inefficient, but efficient basolaterally. We previously
selected AAV2.5T, a novel capsid that apically transduces CF human airway epithelia and efficiently restores CFTR
function. We hypothesize the AAV receptor (AAVR) is basolaterally localized, and that AAV2.5T utilizes an alternative
apical receptor. We found AAVR in human airway epithelia by western blot and RNA-Seq analyses. Using
immunocytochemistry we did not find endogenous AAVR at membranes but overexpression localized AAVR to the
basolateral membrane, where it preferentially increased transduction. Anti-AAVR antibodies blocked transduction by AAV2
from the basolateral side but not AAV2.5T from the apical side, suggesting a unique apical receptor. Finally, we found
infection by AAV2 but not AAV2.5T was blocked by CRISPR knockout of AAVR in cell lines. Our data suggest the
absence of apical AAVR is rate limiting for AAV2, and efficient transduction by AAV2.5T is accomplished using an AAVR
independent pathway. Our findings inform the development of gene therapy for CF, and AAV vectors in general.

Introduction

Cystic fibrosis (CF) lung disease is caused by various
mutations in the gene encoding the cystic fibrosis trans-
membrane conductance regulator (CFTR). CF is a target for
gene therapy because it is caused by defects in a single
gene, and because the airways are accessible to treatment
[1-3]. Viral vector-mediated gene transfer is a mutation-
agnostic treatment, and adeno-associated viruses (AAVs)
are among the preferred vectors due to low immunogeni-
city, scalability of production, and cell-specific tropism.
AAVs have restored CFTR function in an organotypic
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model comprised of human airway epithelial cells taken
from CF lungs, and in relevant animal models [4-7].
Clinical translation of gene therapy for CF, however,
remains just out of reach. In clinical trials, aerosolizing
AAYV serotype 2 (AAV2) carrying CFTR into the lungs of
people with CF was safe [8—10], but molecular evidence of
CFTR expression was nearly nonexistant [1, 11]. Possible
obstacles to transduction include a lack of cellular receptors
and co-receptors, impeded endosomal processing and viral
trafficking to the nucleus, impaired transcription and
translation of the transgene, and the presence of neutralizing
antibodies [11-13].

AAV serotypes target-specific cell types. This tropism is
thought to be conferred by interactions between different
amino acids in capsid loop domains and receptor proteins
on permissive cells [14]. In 1996, Mizukami et al. [15]
showed AAV2 attachment to an unidentified 150 kDa
membrane protein in human cells. Subsequent studies in
various cell types proposed the protein receptor was either
fibroblast growth factor receptor 1, hepatocyte growth factor
receptor, or integrin aV5 after correlating surface proteins
with permissiveness to infection [16—18]. Work was done in
parallel demonstrating the important role heparan sulfate
proteoglycan (HSPG) plays in mediating transduction by
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AAV2, AAV3, and AAV6 [19]. Later, other glycan moi-
eties were shown to aid transduction by other serotypes.
AAV1, AAV4, AAVS, and AAV6 interact with O— or N
—linked sialic acid moieties [20-23], while AAV9 interacts
with N-terminal galactose [24]. This led to a model of
infection where AAV serotypes are thought to initially
attach to distinct proteoglycans in the extracellular matrix,
and subsequently bind to a protein receptor that mediates
endocytosis.

More recently, the KIAAO319L gene was shown to be
required for infection by AAV serotypes 1, 2, 3b, 5, 6, 8,
and 9, and was consequently named the AAV receptor
(AAVR) [25]. AAVR is a predicted type-1 transmembrane
protein detected at 150 kDa [26]. AAVR binds directly to
AAV?2 in HeLa cells, and translocates between the vicinity
of the cellular membrane and the trans-Golgi network [25].
The cellular function of AAVR is unknown, although
potential roles in neuronal development and dyslexia have
been described [27, 28]. Like other proteins exploited by
viruses, AAVR contains extracellular IgG-like polycystic
kidney domains (PKD 1-5) that could be used for cell—cell
adhesion [29]. AAV2 utilizes PKD2 for transduction,
whereas AAVS uses PKD1, and AAV1 and AAVS8 require
both [26].

In order to circumvent the obstacles to efficient gene
transfer in human airways, our previous collaborative
efforts produced a novel vector using directed evolution [5].
We shuffled the capsid sequences of AAV2 and AAVS and
added point mutations using error-prone PCR. The resulting
library of chimeric viruses was apically passaged on human
airway epithelia cultures and AAV2.5T was selected.
AAV2.5T is a chimera of the VP1 region of AAV2 and the
VP2 and VP3 regions of AAVS5, with a single AS81T
mutation in VP3. AAV2.5T can efficiently transfer CFTR to
human airway epithelia form the apical side, and restore
CFTR function [5].

Here, we investigate the localization of AAVR in human
airway epithelia, and the influence AAVR has on trans-
duction by AAV2, AAVS5, and AAV2.5T. As AAV2
infection is only efficient basolaterally, while AAV2.5T is
apically efficient, we hypothesized that AAVR is localized
in the basolateral membrane, and that AAV2.5T has
evolved to utilize an alternative apical receptor.

Materials and methods

Viruses

Purified, titrated stocks of recombinant self-complimentary
AAV2/2, AAV2/S5, and AAV2/2.5T carrying an enhanced

green fluorescent protein (GFP) transgene driven by the
cytomegalovirus (CMV) promoter were purchased from

University of Iowa Viral Vector Core, divided into 10 ul
aliquots and stored at —80 °C.

Cell culture

Primary human airway epithelial cells (HAE) from
bronchus or trachea were harvested, seeded onto collagen-
coated, semipermeable membranes (Costar no. 3470,
Corning, Corning, NY, USA), grown at an air-liquid
interface as previously described [30]. Experiments were
performed at least 14 days after seeding, when cells had
differentiated into ciliated and non-ciliated pseudo-stratified
cells forming an organotypic tissue model. HAE were
maintained in Ultroser G media (Pall, Port Washington,
NY, USA). Immortalized cell lines were obtained from the
University of Iowa Cell Culture Core, seeded at 20,000
cells/well into 96-well black fluorescence plates (Corning)
and grown to confluence. Hela cells were maintained in
minimal essential medium (MEM), HEK cells in Dulbec-
co’s modified Eagle’s medium (DMEM). Media were
supplemented with 10% fetal bovine serum (FBS) and 1%
non-essential amino acids (NEAA) (all from Thermo Fisher
Scientific, Waltham, MA, USA). Growth media were sup-
plemented with 100 IU/ml penicillin/streptomycin (Sigma-
Aldrich, St. Louis, MO, USA), and cells maintained in a
37 °C humidified incubator at 5% CO,.

RNA-seq

Total RNA was isolated from HAE using the mirVana™
miRNA isolation kit (Thermo Fisher Scientific). Total RNA
was tested on an Agilent Model 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA), and samples with an
RNA integrity number (RIN) over 7.0 were selected for
downstream processing. Libraries were prepared using the
TruSeq RNA Sample Prep (Illumina, San Diego, CA,
USA). Libraries were submitted to the University of Iowa
DNA Facility for deep sequencing, where paired-end DNA
libraries were sequenced to an average depth of 29 million
(M) read pairs (range: 22—-44 M) with 100 base reads. Gene
expression differences between nine primary culture donors
were then analyzed using Cuffdiff software v2.0.2 (Dr. Cole
Trapnell’s lab, University of Washington, Seattle, WA,
USA). TPM values (transcripts per million) were extracted
from the differential analysis logs to use for further analysis.

Western blots

Cell lines cultured in six-well plates (Corning) or Primary
HAE cells were scraped into 25 ul ice-cold RIPA lysis
buffer (25 mM Tris*HCI pH 7.6, 150 mM NaCl, 1% NP-40,
1% sodium deoxycholate, 0.1% SDS) containing protease
and phosphatase inhibitors (Thermo Fisher Scientific) and
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1% TX-100, rotated 15m at 4°C and centrifuged at
10,000 x g for 20 m. Protein in supernatant was quantitated
with a microplate BCA assay (Thermo Fisher Scientific).
An equal volume of 2xsample buffer was added and
incubated at 55 °C for 30 m while agitating. Samples were
run on 4-15% polyacrylamide gels (Bio-Rad, Hercules,
CA, USA) with high molecular mass standards (Thermo
Fisher Scientific). Electrophoresed gels were transferred
to PDF-FL (EMD Millipore, Burlington, MA) overnight.
Membranes were blocked in 0.01% casein buffer in Dul-
becco’s phosphate-buffered saline (DPBS, Thermo Fisher
Scientific), immunostained with AAVR antibodies diluted
in DPBS 1:1000 (105385 Abcam, Cambridge, UK) and
secondary antibodies (Molecular Probes, Eugene, OR), and
visualized and quantified on an Odyssey IR imager (LiCor,
Lincoln, NE, USA).

Immunocytochemistry

In preparation for staining, HAE were cooled to 4 °C and
fixed in ice-cold 4% paraformaldehyde in DPBS with cal-
cium and magnesium (Thermo Fisher Scientific) for 20 m.
Lung tissue was fixed 1 h at room temperature in 2% par-
aformaldehyde, and kept overnight in ice-cold 30% sucrose
before quick-freezing in OCT in an ethanol/dry ice bath
and cryosectioning and mounting. After fixation, all sam-
ples were permeablized in 0.2% Triton X-100 (Thermo
Fisher Scientific) in PBS, and blocked in Super-Block
(Thermo Fisher Scientific) with 5% normal goat serum
(Jackson Laboratories, Bar Harbor, ME, USA). Tissue
sections were incubated for 2h at 37°C in AAVR anti-
bodies (Abcam 105385) and either P-catenin (Thermo
Fisher Scientific PA5-16762) or ZO-1 (Thermo Fisher
Scientific 61-7300) antibodies, all at 1:100 dilution, fol-
lowed by secondary goat anti-mouse Alexa Fluor 488 and
goat anti-rabbit Alexa Fluor 568 antibodies (Molecular
Probes A11034 and A11036), at 1:1000 dilution. Samples
were mounted with Vectashield containing DAPI (Vector
Laboratories, Burlingame, CA, USA) to visualize nuclei.
Images were acquired on a Fluoview FV1000 confocal
microscope with a UPLSAPO x 60 oil lens (Olympus,
Shinjuku, TYO, JP) and scanned sequentially at 2 ms/pixel.
Signal obtained from identical HAE absent primary anti-
body treatment was subtracted as background. Epithelia
and tissues were visualized with Imaris imaging software
(Bitplane, Zurich, CH).

Quantitation of infection

The post excitement emission signal from GFP was utilized
as a reporter for infection. Vectors carrying a GFP
expression cassette were diluted in DPBS with calcium and

magnesium (Thermo Fisher Scientific) and added to the
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apical or basolateral surface of human airway epithelia, or
added to cell lines at a multiplicity of infection of 10%.
Vectors on HAE were incubated at 37 °C for 4 h, followed
by two washes with PBS. GFP expression was visualized
with an IX71 fluorescence microscope (Olympus), and data
were calculated as GFP expressing cells per high-power
magnification field (GFP + /HPF). Vectors on immortalized
cell lines were allowed to infect overnight. The infection of
immortalized cells was quantified with a SpecrtraMax i3x
microplate reader (Molecular Devices, San Jose, CA, USA).
The fluorescence signal from uninfected cells was sub-
tracted as background. When noted in figure legends
transduction efficiency was measured as relative fluores-
cence units (RFU). RFU is GFP signal plotted as a per-
centage of nuclear Hoechst fluorescence to normalize cell
density. Where AAVR antibodies (Abcam 105385) were
used to block infection they, or mouse IgG isotype control
(Millipore), were diluted in media and added to cells 30 m
prior to vector administration.

CRISPR genome editing

AAVR knock-out cells were generated by disrupting
AAVR alleles with CRISPR/Cas9 technology [31]. Guide
RNAs (gRNA 48: 5'-CCGTCGCTGTCCAGGGAGGC-3’,
and gRNA 4690: 5'-CCATGGTTATCTGGGTATTG-3")
targeting exons at either end of NCBI reference sequence
NM_024874.4 were created using an online design tool
(Benchling, San Francisco, CA, USA). Cas9 protein,
ATTOS550 conjugated linking RNA (tracrRNA), synthe-
sized gRNAs and buffer were purchased from Integrated
DNA Technologies (IDT, Coralville, IA, USA). To increase
the likelihood of gene disruption, cells were simultaneously
transfected with complexes containing gRNA 48 and gRNA
4690. Using a modified IDT Alt-R protocol, ribonucleo-
protein (RNP) complexes were assembled by first mixing
tractRNA and gRNA in equimolar concentrations in
nuclease-free duplex buffer and heating to 95 °C for 5m.
RNP complexes were formed by mixing room temperature
RNA complexes diluted to working concentration with
spCas9 nuclease diluted in OptiMEM (Thermo Fisher Sci-
entific) and incubating on benchtop for 20 m. Each RNP
was then incubated with 10% Lipofectamine RNAIMAX
(Thermo Fisher Scientific) in room temperature OptiMEM
for 20 m to create transfection complexes. Fifty microliters
of this solution was then placed one well of a 24-well tissue
culture plate (Corning). In all, 300,000 cells suspended in
100 pl of antibiotic free growth medium were then added
to the well and incubated at 37 °C in 5% CO,. After 2 days
ATTOS550-positive transfected cells were isolated by
fluorescence-activated cell sorting with an Aria II (Becton
Dickinson, Franklin Lakes, NJ, USA) housed at the
University of Iowa Flow Cytometry Facility, supported
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by the National Center for Research Resources of the
National Institutes of Health under Award Number 1 S10
ODO016199-01A1. Positive cells were serially diluted
across a 96-well plate and grown under standard
conditions. Colonies derived from single cells were subse-
quently tested for AAVR protein expression to verify
successful genomic editing. We confirmed the results with
six individual clones. The clone used in this paper had the
best infection by AAV2.5T.

Binding assay

Under standard cell culture conditions, AAVRXC HeLa
cells were grown to confluence in a 96-well plate and
then incubated at 4 °C for 30 m. Then, gradients of either
AAV2-CMV >GFP, AAV5-CMV >GFP or AAV2.5T-
CMYV > GFP were allowed to bind for 1h, followed by
two washes with cold calcium and magnesium supple-
mented DPBS. Total DNA was extracted using a Quick-
DNA universal 96 kit (Zymo Research, Irvine, CA, USA).
Quantitative PCR was performed using Syber Premix Ex
Taq I (Takara, Kusatsu, Shiga Prefecture, JP) according
to the manufacturer’s instructions. qPCR primers were
designed for the eGFP transgene (5'-GGTGAACTTCAA-
GATCCGCC-3' and 5'-GGGTGTTCTGCTGGTAGTGG-
3’) and compared with known concentrations of plasmid
DNA standards to calculate the number of bound viral
genomes. Electron microscopy of viral preparations verified
that < 10% of the capsids lacked the eGFP transgene.

Statistical analysis

Sample size was selected based on previous work, and
determined to be appropriate for a power of 80% or greater
using G*Power software (University of Diisseldorf). All
data were evaluated using Prism software (GraphPad, La
Jolla, CA, USA). Variance was similar between compared
groups. Error bars represent+ SEM. Data were normally
distributed. Unpaired Student’s #-test, linear regression and
ANOVA were performed when appropriate. P <0.05 was
set as the threshold for statistical significance.

Results
AAVR is expressed in human airway epithelia

AAV?2 has been investigated as a vector for gene therapy
in human airway epithelia, but gene transfer was below
the level needed for therapeutic efficacy [32, 33]. We
have previously shown that AAV2 does not bind to
the apical membrane of primary human airway epithelia

cultures [34, 35], a finding consistent with preferential
infection from the basolateral membrane. We hypothesized
that localization of AAVR in human airway epithelia
contributes to AAV2 apical inefficiency. Human Protein
Atlas RNA sequencing data suggests AAVR is expressed
in whole lung tissue at a level similar to other proteins
that function as viral receptors. Respiratory syncytial
virus receptor CX3CRI and coxsackievirus and adenovirus
receptor CAR transcripts are both present at a frequency
similar to AAVR, while the reovirus receptor FIIR is
more abundant (reads per kilobase of transcript per
million mapped reads (RPKM): AAVR 5.392+0.509,
CX3CRI1 6.402 £2.335, CAR 5.243 +1.35, FI1IR 46.265 +
7.614) [36]. Our RNA sequencing of well differentiated
human airway epithelia cultures confirmed relative expres-
sion levels for AAVR, CAR, and FIIR consistent with
whole lung data (accession # GSE106812, referenced
by Pezzulo et al. [37]). We detected AAVR message at
31.66 transcripts per million (TPM), CX3CRI at 0.04164,
CAR at 3593, and FIIR at 156.3 TPM (Fig. la). The
predicted molecular mass of AAVR is 108 kDa, but western
blot detected protein at 150kDa in lysate from HeLa
cells and human airway epithelia (Fig. 1b), likely due to
glycosidic linkages [26].

HAE
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250- ‘

150..', \III"CE;

Fig. T AAVR expression in human airways. a RNA sequencing of
primary human airway epithelial cells. Data are reported as transcripts
per million. b Western blot analysis of AAVR in human airway
epithelia in vitro. Control, positive lysate from HeLa cells
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Fig. 2 AAVR is subapically localized. a Confocal image reconstruc-
tion of in vitro human airway epithelia in the X-Z plane: phalloidin
(white), AAVR (green), p-catenin (red), and DAPI (blue). b Tilted en
face image at three different depths numbered corresponding to: apical
membrane (1), lateral membrane (2), and basolateral membrane (3).
¢ Immunocytochemistry of native human tracheal epithelia. AAVR
(green), ZO-1 (white), and DAPI (blue). Representative images from
>25 different donors. Scale bar 20 um

The apical membrane of human airway epithelia is
devoid of AAVR

We investigated the subcellular localization of AAVR in
human airway epithelia and native tissue using immuno-
fluorescent probes. Previous work in HeLa cells suggested
an association between AAVR and the Golgi network, and
that AAVR localization at the cellular membrane is only
apparent when endocytotic recycling is halted [25]. There-
fore, we lowered the temperature of human airway epithelia
to 4 °C to prevent recycling, and fixed cells prior to staining
with anti-AAVR antibodies (AAVR,;,) labeled green by
secondary antibodies. Nuclei were co-stained with DAPI
(blue), the lateral membrane with p-catenin (red), and actin
filaments especially apparent in the apical membrane were
stained with phalloidin (gray). Human airway epithelia
are shown in the X-Z plane (Fig. 2a), and an en face
slice tilted at an angle (Fig. 2b). Endogenous AAVR never
co-localized with apical markers, but was exclusive to
perinuclear and basolateral compartments. We also stained
human trachea with AAVR,, (green), and co-stained tight
junctions with ZO-1 (white) and nuclei with DAPI (blue).
The representative image (Fig. 2c) shows a slice where
AAVR is localized below the luminal surface. In summary,
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Fig. 3 AAV2 utilizes AAVR as its basolateral receptor on human
airway epithelia. Vector was applied apically or basolaterally along
with 50 pg/ml either anti-AAVR antibodies (orange bar) or IgG iso-
type control (gray bar). Apical infection is inefficient, and does not
differ with blocking antibodies or control. Basolateral infection is
robust in the presence of IgG control, but completely blocked by
antibodies. n = 12 from three different experiments. P < 0.05

while AAVR is expressed in human airway epithelia, we
cannot detect AAVR in the apical membrane. Endogenous
AAVR was found in a perinuclear compartment and was
difficult to detect in the lateral membrane.

AAVR mediates basolateral AAV2 infection of
human airway epithelia

AAV?2 infection is inefficient on apical human airway
epithelia, but basolaterally efficient [38]. Further, AAVR4;,
has been used to block AAV2 access to its receptor on
HeLa cells [25]. We hypothesized that AAVR is basolat-
erally localized in human airway epithelia, and that baso-
lateral AAVR,, blocks AAV2 infection. We applied
either AAVR,, or nonspecific IgG control to the apical
or basolateral sides of human airway epithelia, followed
by AAV2-CMV >GFP (Fig. 3). Using GFP expression
as a proxy for infection, we quantified GFP-positive
cells per high-power microscopic field. We observed little
or no apical infection of human airway epithelia by AAV2.
However, robust basolateral infection was completely
blocked by AAVR,, These data suggest that AAV2
requires AAVR for infection of human airway epithelia, and
that AAVR is localized to the basolateral membrane.

AAV2,5T apically infects human airway epithelia
independent of AAVR

AAV2 is inefficient on the apical surface of human airway
epithelia [34], and requires AAVR [25]. We previously
reported the directed evolution of AAV2.5T, a chimeric
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Fig. 4 AAV2.5T utilizes an unknown non-AAVR receptor apically
on human airway epithelia. Vector was applied apically or basolat-
erally along with 50 ug/ml either anti-AAVR antibodies (blue bar)
or IgG isotype control (gray bar). Apical infection is robust, and
does not significantly differ with blocking antibodies or control.
Basolateral infection is robust in the presence of IgG control, and only
partially blocked with antibodies. n =12 from three different experi-
ments. P <0.05

AAV?2 and AAVS5 capsid with one point mutation, which
apically infects human airway epithelia with orders of
magnitude increased efficiency over parental serotypes [5].
We hypothesized that AAV2.5T infects apical human air-
way epithelia independently of AAVR, and therefore
infection would not be affected by excess AAVR,,. We
infected basolateral or apical human airway epithelia with
AAV2.5T-CMV > GFP after treatment with either AAVR 5,
or nonspecific IgG control (Fig. 4). There was no significant
difference in apical infection when AAVR,, was applied,
while basolateral AAVR,, application partially blocked
AAV2.5T infection. Thus, AAV2.5T infects apical human
airway epithelia independently of AAVR. AAV2.5T can,
however, utilize AAVR for basolateral infection. These data
suggest a possible unknown receptor, which AAV2.5T
utilizes for gene transfer to apical human airway epithelia.

AAV2.5T can infect HelLa independent of AAVR

We compared the relative infectivity of AAV2, AAVS, and
AAV2.5T on HeLa and HEK293T cells. The rank order of
infection on HEK293T cells was AAV2>AAV2.5T>
AAVS5 (Fig. 5a). On HeLa cells, however, AAV2.5T
infected best, resulting in AAV2.5T>AAV2>AAVS
(Fig. 5b). These data show that HelLa cells are more
permissive than HEK293T cells to AAV2.5T infection.
As anticipated, AAVR affinities calculated from dose
response curves were similar for all three serotypes, and
Hill coefficients were>1 consistent with cooperative

A B
150, 293T 150
2100 e * 2 100
3 o 3
o o
& 50 & 50
0
AAV5 AAV25T AAV5 AAV2.5T
C10 293T D1o Hela
55 i) 57 "
i @
= 50 o 50
[T [T
2 oo O 25
o 0—0—u0 o4
0 10 20 30 40 50 0 10 20 30 40 50

AAVR pp(Hg/mL) AAVRpp(ug/mL)

Fig. 5 AAV2.5T infects HeLa cells better than HEK293T cells.
HEK?293T cells (a) and HeLa cells (b) were transduced by AAV2,
AAV5, or AAV2.5T at MOI 10*. Data were quantified as a percentage
of GFP over Hoechst fluorescence. Effects of competition with neu-
tralizing antibody (AAVR,p,) on AAV2 (orange), AAVS (white), or
AAV2.5T (blue) transduction of HEK293T cells (¢) and HeLa cells.
Asterisk shows P <0.05 comparing AAV2.5T to AAV2 at 50 ug/ml
AAVR,y. (d). n=12 from three different experiments. P <0.05

binding (data not shown). AAVR,, blocked HeLa and
HEK?293T cell's infection by all three serotypes in a dose-
dependent manner. We calculated the concentration of
AAVR,y, that would reduce the inhibitory response by half
(IC50 apparent). The IC50 apparent on Hela cells was: 9.3
for AAV2, 2.6 for AAVS, and 6.3 for AAV2.5T. On
HEK?293T cells the IC50 apparent was: 11.2 for AAV2, 6.4
for AAVS, and 2.4 for AAV2.5T. We hypothesized that
the increased efficiency of AAV2.5T on HeLa might be
attributed to a novel receptor. AAV2 infection of HeLa cells
is known to be blocked by AAVR,;, in a dose-dependent
manner [25]. Competition with AAVR,, (50 pg/ml)
decreased infection of HEK293T cells by AAV2, AAVS,
and AAV2.5T alike, with GFP levels converging under
25 relative fluorescence units (Fig. 5c). On HeLa cells,
AAV2 and AAVS responses to AAVR,;, block was ana-
logous to the responses seen on HEK293T cells, but
AAV2.5T was less susceptible to AAVR,, block on HeLa
cells (Fig. 5d). These data are reminiscent of the incomplete
block of AAV2.5T infection seen on basolateral human
airway epithelia. They suggest (1) AAV2 and AAVS utilize
AAVR to infect HelLa and HEK293T cells, (2) directed
evolution did not disable AAVR utilization in AAV2.5T,
and (3) directed evolution conferred transduction via an
AAVR independent pathway in human airway epithelia
and HelLa cells, but not in HEK293T cells.

SPRINGER NATURE



B. A. Hamilton et al.

246
A B 100
250—’ z AAV2
o
150- W . . 75¢
g 504 HelLa
100- IS
< *
- c 254
& ' E’ AAVRKO
0
0 5 10 15 20 25
AAVR  (ug/mL)
C D
= 10
100 AAVE 2 AAV2.5T
o
575 o 757
Lo L
o O} Hela
a 50 5 501
LL N
o I '-.._-—l———l
25 g 251 AAVRKO
b4
0+ T v 1 0 —_——
0 100 200 300 0 5 10 15 20 25
Ad5-AAVR (MOI)

0 1 2 3 4
MOI (VG x 10°5)

Fig. 6 AAV2.5T does not requirc AAVR. a Western blot shows
AAVR in control HeLa cells (left lane) and a mixed population of
CRISPR AAVR deleted cells with a reduced intensity band (right
lane). b AAVR,, significantly decreases AAV2 infection of HeLa
cells in a dose-dependent manner (circles), and AAV?2 does not infect
AAVR knockout HeLa cells (AAVRKO) (orange squares). Data were
quantified as a percentage of GFP over Hoechst fluorescence, and
normalized to AAV2.5T infection of HeLa cells in the absence of
antibodies. ¢ In a dose-dependent manner, adenovirus-mediated
AAVR overexpression complements AAVRXC grown from a single
cell. d AAV2.5T infection of HeLa cells is partially blocked by
AAVR,;, (circles), and AAV2.5T infection of AAVRXC Hela is
unaffected by AAVR,, (blue squares). e As more virus is added
to AAVRXC HelLa, more bound virus is measured by qPCR. The
AAV2.5T binding curve (blue) has a high amplitude and plateaus
indicating specific high-affinity binding, unlike curves for AAVS
(white) and AAV?2 (orange). n = 12 from three different experiments.
P<0.05

AAV2.5T infects AAVRKC Hela cells

In order to verify AAV2.5T utilization of an AAVR inde-
pendent pathway in HeLa cells, we employed clustered
regularly interspaced short palindromic repeat (CRISPR)
technology to remove AAVR from the HelLa genome [31].
Western blot of lysate from a mixed population of edited
cells confirmed a high-percentage deletion (Fig. 6a). AAVR
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knockout HeLa cell (AAVRXO) colonies grown from
single-cell dilutions were infected with AAV2 and AAVS.
AAVRXC were refractory to AAV2 (Fig. 6b) and AAVS5
(data not shown). Adenovirus expressing an AAVR
transgene driven by the CMV promoter (Ad5-CMV >
AAVR) rescued AAV2 and AAVS infection of AAVRX?
(Fig. 6¢). In contrast to AAV2 and AAVS5, AAV2.5T can
infect AAVRKC, albeit at lower levels. This suggests
AAV2.5T can utilize both AAVR and an alternative path-
way of infection. Moreover, AAVR,;, was unable to block
AAV2.5T infection of AAVRKXC further suggesting an
AAVR independent mechanism (Fig. 6d). We then inves-
tigated the binding specificity of serotypes on AAVRXC.
For AAV2 and AAVS, binding curves showed a linear
relationship between the number of viruses applied to
AAVRK? and the number of viruses bound, suggesting
ubiquitous nonspecific interactions. In contrast, AAV2.5T
binding plateaued, saturating available binding partners and
suggesting a specific receptor (Fig. 6e). Similar binding
experiments on parental HeLa cells showed higher total
binding of AAV2.5T than on AAVRKO, however the
binding failed to plateau, suggesting two receptors are
present but they are not saturated at the highest dose tested
(data not shown). The dissociation constant for AAV2.5T
on AAVRXC was 5.53x10*+/— 4.9x10°, indicating
an interaction >8.5 times stronger than those calculated
for AAV2 and AAVS. These data demonstrate the ability
of AAV2.5T to bind a non-AAVR receptor with high
affinity, and utilize a non-AAVR-mediated pathway for
transduction.

Recombinant AAVR is expressed in the basolateral
membrane of human airway epithelia

As reported above, basolaterally applied AAVR antibodies
block infection of human airway epithelia by AAV2. This
suggests AAVR is localized in the basolateral membrane.
Nonetheless, unambiguous basolateral signal fell below the
level of detection by immunocytochemistry (Fig. 2).
Therefore, we infected human airway epithelia with AdS5-
CMV > AAVR, 2 days later cooled the cells to 4 °C, and
then stained for overexpressed AAVR. An X-Z confocal
reconstruction of human airway epithelia (Fig. 7a) shows
basolateral AAVR at adherens junctions (green arrow),
abundant AAVR in the cytosol, and no AAVR in the apical
membrane (white arrow). We hypothesized these findings
might be recapitulated functionally, and infected AAVR
overexpressing human airway epithelia either apically or
basolaterally with AAV2 or AAV2.5T. We observed
increased basolateral, but not apical, infection from both
serotypes (Fig. 7b). These results suggest a preferential
basolateral localization of overexpressed AAVR.
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Fig. 7 Overexpressed AAVR prefers the basolateral membrane.
a AAVR overexpression establishes AAVR signal at the basolateral
(green arrow), and not the apical (white arrow) membrane in a human
airway epithelium viewed in the X-Z plane. b AAVR overexpression
preferentially increases AAV basolateral infection of human airway
epithelia from multiple donors. Scalebar 20 um. n =5 for AAV2.5T
and n =6 for AAV2, from three different experiments. P <0.05

Discussion

AAVR has been described as the putative AAV receptor,
and shown to bind directly to AAV2 [25]. In this manu-
script, we used anti-AAVR blocking antibodies (AAVR )
to show that AAV2 and the novel capsid AAV2.5T can
utilize AAVR for basolateral infection of primary human
airway epithelia. However, AAV2.5T can infect apically
and AAVR,;, does not block this infection. The dual-
transduction-modality of AAV2.5T, along with the exclu-
sively basolateral AAVR,y, block, functionally substantiate
AAVR localization in the basolateral membrane of human
airway epithelia. When we overexpressed AAVR we
detected it on the basolateral membrane. We then func-
tionally verified that AAVR localization determines the
polarity of infection.

Despite significant progress, our understanding of AAV
transduction remains incomplete. Previous studies have
described the influence of membrane polarity on AAV
transduction in the lung [38, 39], and proposed a role for

differential expression of host cell membrane-associated
factors [40]. We earlier demonstrated that the lack of apical
coxsackievirus and adenovirus receptor (CAR) for adeno-
virus, and HSPG for AAV?2, contribute to the inefficiency of
gene transfer in human airways [34, 41]. We add to these
explanations by suggesting the basolateral localization of
AAVR in human airway epithelia determines the apical
inefficiency of AAV2. We speculate that AAVR translo-
cates between the trans-Golgi network and the basolateral
membrane of human airway epithelia, where it can be
exploited by AAV. While the absence of AAVR in apical
human airway epithelia likely leads to the luminal ineffi-
ciency of AAV2, we cannot discount additional factors.
Second strand genome conversion, impaired endosomal
processing, and viral un-coating may also contribute.

AAVR is clearly the receptor for AAV?2 in human airway
epithelia, however we know little about its cellular function.
Like AAVR, the reovirus receptor (F11R) and CAR are
localized to the basolateral adherens junction. Along with
location, AAVR shares structural IgG-like elements with
F11R and CAR. This raises the possibly that AAVR also
shares cellular function with these viral receptors, and plays
a role in cell-cell adhesion. Interestingly, we observed a
western blot band for AAVR which was more diffuse in
human airway epithelia than that seen in HeLa cells, per-
haps due to various stages of glycosylation. Pillay et al. [26]
showed that AAV serotypes interact with specific PKD
domains on AAVR, but glycosylation does not affect
binding and infection. We speculate that glycosylation may
play a role in the non-receptor function of AAVR.

Our data confirm the findings of Carette and colleagues
[25] indicating AAVR is an essential receptor for AAV?2
and AAVS in Hela cells. AAVR can also serve as a
receptor for AAV2.5T. We also independently corroborate
the conclusions of Vandenberghe et al., who recently
reported an AAVR independent pathway of infection for
a subset of AAVs on HelLa, A549, and Huh7 cells [42].
The increased transduction efficiency of AAV2.5T on
HeLa cells compared to HEK293T cells could be explained
by both an AAVR-dependent and independent pathway.
However, AAV2 infects HEK293T cells better than
AAV2.5T. This suggests that the increased efficiency in
HeLa cells is not due to AAVR. Our manuscript adds
clinical significance to previous findings by showing that
the basolateral localization of AAVR in human airway
epithelia contributes to the inefficiency of apical gene
transfer. Furthermore, we advance the field by demon-
strating that a novel AAV employs a non-AAVR pathway
for efficient gene transfer on the apical surface of human
airway epithelia.

Cystic fibrosis research provided early evidence that
AAYV vectors can be safely administered to human lungs
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[8—10]. Recently the FDA approved AAV-mediated trans-
fer of retinoid isomerohydrolase (RPE65) to the eye to treat
Leber’s congenital amaurosis [43, 44]. There, the target
cell population is small and immunoprivileged, and loca-
lized low-dose AAV administration is therapeutic. In
cystic fibrosis, however, relatively vast airways lined with
immunocompetent target cells may require cost-prohibitive
repeat administration at high-doses. These obstacles to gene
transfer and gene editing can be overcome by employing
more efficient vectors. Attempts to increase vector effi-
ciency have addressed stages throughout the viral-cycle,
often focusing on the manipulation of cell-surface receptors
and the capsid elements they recognize [45-47]. Our pre-
vious efforts used directed evolution to produce AAV2.5T,
a novel vector with tropism for human airway epithelia [5].

Like AAV2 and AAVS5 from which it is derived,
AAV2.5T can utilize AAVR. However, our previous
studies demonstrated AAV2.5T binding to a specific
receptor on apical human airway epithelia, unlike AAV2
and AAVS5 [48]. Here, we establish that this receptor is
not AAVR. Binding assays on AAVR knockout HeLa
cells revealed proportionality between the number of
capsids applied and the number of bound capsids recov-
ered for AAV2 and AAVS, similar to our reports on apical
human airway epithelia [4, 48]. This linearity indicates
nonspecific attachment to ubiquitous apical partners. In
contrast, AAV2.5T binding curves plateau at a maximum
number of bound capsids recovered, even as more capsids
are applied. This indicates AAV2.5T has specific apical
binding partners that eventually become saturated. Fur-
thermore, AAV2.5T can infect AAVR knockout Hela
cells, whereas AAV2 and AAV5 cannot. These data
indicate AAV2.5T can utilize a specific non-AAVR
receptor. We speculate that the efficiency of AAV2.5T
on apical human airway epithelia can be attributed to the
use of a non-AAVR receptor, and that the same receptor
is utilized by AAV2.5T in AAVR knockout HeLa cells.
We have reported that AAV2.5T and AAVS5 have similar
binding affinities for 2,3 N-linked sialic acid on human
airway epithelia, and that enzymatic removal of sialic
acid significantly decreases viral infection [48]. Surpris-
ingly, the amount of sialic acid binding did not correlate
with internalization or infection for AAVS. However,
binding correlated with internalization and infection
for AAV2.5T. These results, combined with the current
study, are consistent with a model of infection where
sialic acid is a co-receptor facilitating proximity between
AAV2.5T and a non-AAVR receptor protein that med-
iates internalization from the apical side. The present
study suggests binding to non-AAVR partners may be a
requisite for efficient luminal airway transduction, and
provides an important step toward the realization of gene
therapy for lung disease.
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