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Abstract

Of the many biologically isolated AAV serotypes, AAV1 and AAV6 share the highest degree of
sequence homology, with only six different capsid residues. We compared the transduction
efficiencies of rAAV1 and rAAV6 in primary polarized human airway epithelia (HAE) and found
significant differences in their abilities to transduce epithelia from the apical and basolateral
membranes. rAAV1 transduction was ~10-fold higher than rAAV6 following apical infection,
while rAAV6 transduction was ~10-fold higher than rAAV1 following basolateral infection.
Furthermore, rAAV6 demonstrated significant polarity of transduction (100-fold;
basolateral>apical), while rAAV1 transduced from both membranes with equal efficiency. To
evaluate capsid residues responsible for the observed serotype differences, we mutated the six
divergent amino acids either alone or in combination. Results from these studies demonstrated that
capsid residues 418 and 513 most significantly controlled membrane polarity differences in
transduction between serotypes, with the rAAV6-D418E/K513E mutant demonstrating decreased
(~10-fold) basolateral transduction and the rAAV1-E418D/E513K mutant demonstrating a
transduction polarity identical to rAAV6-WT. However, none of the rAAV6 mutants obtained
apical transduction efficiencies of rAAV1-WT, suggesting that all six divergent capsid residues in
AAV1 act in concert to improve apical transduction of HAE.
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INTRODUCTION

Adeno-associated virus (AAV) is a nonpathogenic parvovirus with a 4.7kb single-stranded
DNA genomel. The viral DNA is packaged in a non-enveloped capsid composed of three
structural proteins designated as VP1, VP2 and VP3, in a ratio of 1:1:10. These proteins are
encoded in the same primary RNA transcript from the p40 promoter and are translated
through alternative RNA splicing or alternative start codons. Since the establishment of the
first infectious plasmid clone of the AAV type-2 genome in early 1980s, AAV has been
developed as a promising viral vector for human gene therapy? 3. Though the AAV type-2
vector is the most extensively studied serotype, numerous AAV serotypes and variants have
been isolated from human/non-human primate samples and characterized to have variable
tissue tropisms*-. More recent, novel AAV variants have also been engineered through
capsid domain-swapping between different serotypes or DNA shuffling combined with
directed evolution’=9. Vectors based on various AAV serotypes and variants distinguish
themselves in their cell-type/tissue tropisms and susceptibility to neutralization antibodies,
thus expanding the AAV vector toolbox and flexibility for AAV applications in human gene
therapy® 10,

Although the specific cell-type/tissue tropisms of certain AAV serotype/variant vectors have
been well reported, the mechanism(s) underlying the AAV serotype/variant tropisms
remains largely unclear. It is generally thought that interactions between the virion and
target cell affect tropism and can occur at the stage of virus binding, entry, intracellular
trafficking, and uncoating. It is obvious that the differences in capsid protein coding
sequence control divergent tissue tropisms and serological properties, as the AAV capsid is
the primary interface with the cell that defines the transduction biology. Comparison of the
capsid amino acid sequences of AAV type 1 to 9 demonstrated that the variability between
the serotypes is not evenly distributed, but rather concentrated in looped domains that are
displayed on the virion surface, while the amino acid residues at N- and C- termini are
relatively conserved!l. More interestingly, transgene expression studies from the AAV
variants obtained from directed evolution reveal that virus/host interaction appear to be
controlled by a limited number of amino-acid residues—subtle mutations or exchange of
certain amino-acids on the capsid surface significantly altering transduction efficiencies
between the AAV variant vectors?: 12,

Of the biologically isolated and defined AAV serotypes, the AAV1 and AAV6 share the
highest degree of sequence homology, differing in only six capsid amino acid residues.
Despite the high sequence homology and extremely similar serological profiles of AAV1
and AAV6, AAVG displays a unique heparan sulfate proteoglycan binding characteristic,
despite the fact the addition of heparin does not inhibit AAV6 transduction’3: 14, It was
reported that the AAV1 and AAV6 both utilize the a-2,3 and a-2,6 N-linked sialic acids as
the primary binding receptors for transduction, and interestingly, AAV6 is more dependent
on sialic acid or sialic acid-containing glycoprotein than AAV1 for cell entry and/or the
subsequent steps of infection of hepatocytes'®. Side by side transduction comparison of
AAV1 and AAV6 vectors in mouse liver demonstrated that AAV6 delivered consistently
higher transgene expression with faster kinetics than AAV116, Differences in the levels and
kinetics of transgene expression between AAV1 and AAVE vectors were also observed in
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various cultured cell lines including that derived from human liver cells!’. These facts
suggested that the six amino acid residue differences between AAV1 and AAV6 control
disparities in transduction biology between the two serotypes.

AAV-mediated gene therapy for cystic fibrosis (CF) has been hampered by the low
efficiencies of AAV transduction in the airway? 18. An AAV2-based vector was the first
serotype used for the gene therapy clinical trials to deliver the normal cystic fibrosis
transmembrane regulator (CFTR) gene to the lungs of CF patients. The phase | and Il trials
for CF lung disease with rAAV2 have demonstrated a promising vector safety profile;
however, these trials were not successful at correcting the CF pulmonary phenotypel9-21,
rAAV2-mediated CFTR gene expression in these trials was below the levels needed to
detect transgene-derived CFTR mRNA, despite the persistence of substantial rAAV DNA
viral genomes in the airway epithelial®21. These studies and others22 suggest that post-
entry barriers and impaired intracellular processing of rAAV2 are primarily responsible for
low level transduction from the apical surface of human airway epithelia (HAE). However,
rAAV?2 transduces the basolateral surface of human airway epithelia (HAE) 200-fold greater
than the apical surface due to altered endosomal processing?2. Interestingly, rAAV2/1 does
not retain this polarity bias and equally transduces HAE from both membranes23. Whether
rAAV6 maintains differences in apical and basolateral transduction of HAE remains
unknown. Subsequent studies revealed that the ubiquitin/proteasome pathway controls
intracellular processing of AAV2 and other AAV serotypes?4-26, and that inefficient
endosomal processing or/and nuclear transport in polarized airway epithelia could be
overcome by the addition of proteasome inhibitors?2 23.27_ Although proteasome inhibitor
treatment may eventually be an effective adjunct method to enhance rAAV2-mediated gene
delivery for CF lung disease, alternative AAV vectors that are less susceptible to ubiquitin/
proteasome blocks and/or other trafficking barriers would be a better choice to improve
current clinical trials for CF.

The levels of transgene expression following apical infection of polarized human airway
epithelia with rAAV1 and rAAV6 has been suggested to be substantially higher than that of
AAV223. 28 These two serotypes also demonstrate improved gene transfer efficiency in the
airway of experimental animals including mouse, rabbit, dog and chimpanzeel3: 2931, More
recently, AAV variants with enhanced apical transduction were successfully generated from
capsid-directed evolution on polarized HAE culture. Of those variants evolved from the
chimeric AAV capsid library generated by DNA shuffling from eight AAV serotypes, one
of the best performing vectors was the chimera of AAV1 and AAV6 capsids, whereas
another was the chimera of AAV1, AAV6, and AAV9, with its major capsid component
VP3 derived from AAV1 and AAV612,

It remains unclear what capsid features of AAV1 and 6 make them potentially attractive
vectors for gene therapy to the airway. It has been reported that rAAV6 transduces polarized
HAE ~2-fold more efficiently than AAV128, In addition, an AAV6 mutant (AAV6.2) with a
single amino acid residue exchange at the position 129 in the VP1 protein, mutating the
phenylalanine residue (AAV6) to leucine (AAV1), resulted in increased (~2-fold) airway
transgene expression over its parental AAV6 vector?®, However, in the studies evaluating
HAE transduction, extremely high titers of virus were used for infection (1011 particles per
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well or MOI=100,000 particles/cell with an estimation about 10° cells per MilliCell insert).
Because the MOI has been suggested to impact intracellular tracking of AAV32, we sought
to make similar comparisons between rAAV1 and rAAV6 transduction of HAE at 20-fold
lower titers of infection, a dose we reasoned might be more relevant to in vivo studies in
humans. During the course of these studies, we observed several interesting features about
rAAV1 and rAAV6 transduction biology of HAE not previously reported. First, using viral
preparations purified by identical methods and proviral plasmids, we observe that apical
infection of HAE with rAAV1 leads to 10-fold greater transduction than rAAV6. Second,
rAAVG retains an interesting polarity bias not observed with rAAV1; rAAV6 transduced the
basolateral membrane of HAE ~100-fold more effectively than the apical membrane, while
rAAV1 transduced HAE equally well from both the apical and basolateral membranes.
Lastly, capsid amino acid differences between rAAV6 and rAAV1 that control unique
properties of apical and basolateral transduction of HAE were identified by mutation
analysis. We conclude that all six amino acids in rAAV1 that are different from rAAV6 act
in concert to enhance apical transduction of HAE by rAAV1, while differences in the
polarity of transduction between rAAV6 and rAAV1 is dependent on capsid residues 418
and 531. In this context, the rAAV1-E418D/E531K mutant had HAE transduction biology
identical to rAAV6-WT. In contrast to a previous report28, our studies revealed that the
F129L-rAAV6 mutant (i.e., rAAV6.2) was less effective at transducing HAE than the
parental rAAV6 virus. Furthermore, we demonstrate that the rAAV6 transduction of HAE
from the apical surface is extremely sensitive to the resistance of the epithelium, with lower
resistance epithelia having significantly higher transduction efficiencies following apical
delivery of the virus. Thus, the extent of polarization of HAE can significantly influence
rAAV6 transduction biology, likely through redistribution of AAV6 receptors to the apical
membrane or leakage of virus to the basolateral side of the epithelium. These studies suggest
that rAAV1 may be the preferred vector serotype compared to rAAV6 for CF lung gene
therapy.

Transduction efficiencies of rAAV1 and rAAV6 in HeLa cells and IB3 cells

Since the goal of these studies was to compare differences in apical and basolateral
transduction of human airway epithelia by rAAV1 and rAAVS6, it was important to
demonstrate that these viruses, when purified by the same method, and using the same
proviral vector backbones, had similar functional potential to express an encoded transgene.
Assessment of vector functionality was performed in two cell lines that are highly
susceptible to infection by both serotypes (HeLa and IB3 cells). To our knowledge, such a
direct comparison between these two serotypes has not been previously performed using
similar packaging systems. To this end, we generated identical packaging systems by
cloning the region of capsid difference in AAV6 into a common rAAV2/1 packaging
plasmid and generated virus (rAAV2/6 and rAAV2/1) with an identical procedure using
CsCl banding, followed by sucrose step cushion ultracentrifugation to remove impurities.
Both serotypes generated similar titers and purity by SDS-PAGE (Figure 1a) and very few
empty particles were observed by electron microscopy (Figure 1b). The two cell lines were
infected with equal amounts of AAV2/1-Luc or AAV2/6-Luc (multiplicity of infection
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[MOI] = 5000 DNase resistant particles [DRP] per cell), uptake of viral genomes was
evaluated at 2 and 24 hrs post-infection, and luciferase transgene expression was evaluated
at 24 hrs post-infection. In HelLa cells, these two serotypes demonstrated very similar viral
genome uptake and transduction profiles (Figure 1c and 1d). Using a human airway
epithelial cell line (IB3), rAAV6 appeared to be more rapidly taken up, as indicated by
greater cell-associated viral genomes by 2 hrs post-infection, and this was also reflected by
higher transduction with rAAV6, as compared to rAAV1, by 24 hrs (Figure 1e and 1f).
These studies demonstrated that the rAAV1 and rAAV6 viruses have similar function in
Hel a cells, and that rAAVG is slightly more effective in IB3 cells. We conclude that these
recombinant viruses are suitable for evaluating differences in transduction biology of
polarized human airway epithelia.

AAV1 and AAV6 vectors demonstrate differences in the polarity of transduction of human
polarized airway epithelia

To investigate whether rAAV2/1 and rAAV2/6 infect HAE in a similar fashion from both
membranes, ALI cultures were infected with rAAV-Luc (MOI = 5000 DRP/cell) for 16 hrs,
and luciferase transgene expression continually monitored by biophotonic imaging over a
14-day period. Results from two representative experiments on independent donor-derived
HAE are shown in Figure 2a and 2b. Consistent with our previous observations23, rAAV2/1
lacked a transduction polarity bias, with the time courses of transgene expression following
apical and basal infections demonstrating identical patterns. By contrast, rAAV2/6
demonstrated a significant difference in transduction polarity, with over two orders of
magnitude greater transduction from the basolateral membrane as compared to the apical
membrane. Notably, rAAV2/1 transduced HAE from the apical surface ~10-fold more
efficiently than rAAV2/6, while the basolateral transduction of rAAV2/6 produced >10-fold
higher levels of transgene expression as compared to both apical or basolateral infection by
rAAV2/1. Given the differences observed here in comparison to those previously reported
for rAAV1 and rAAV6 apical transduction of HAE (rAAV6 > rAAV1 by ~2-fold)?8, the
differences in basolateral transduction between these serotypes is noteworthy.

Other notable features of HAE infection with these two serotypes included differences in the
kinetics of transduction. Basolateral infection by rAAV2/6 produced the most rapid rise in
transgene expression, reaching its peak by nearly 2 days post-infection. By stark contrast,
apical infection with AAV2/6 led to a much slower rise in transgene expression, with a 13-
fold increase over the 2-week test period. In the case of rAAV2/1 infections, no differences
in the transgene expression kinetics were observed following apical and basal infections.
However, rAAV2/1 apical and basolateral infection demonstrated a slow gradual rise in
transgene expression between 2—-14 days post-infection, with the greatest increase between
day 1 and 2.

Combined analysis of eight independent donor-derived ALI cultures using 3—4 independent
viral preparations for each serotype demonstrated similarly divergent transduction polarity
between these two close serotypes (Figure 2c and Table 1) and higher levels of apical
transduction with rAAV2/1 than with rAAV2/6 (Figure 2d and Table 2). For this analysis,
we calculated the transduction polarity for each experiment and donor sample by evaluating
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the ratio of luciferase expression following basolateral and apical infection (Table 1).
Although there was variation in this polarity index between donor samples, the trends
demonstrated a clear polarity bias (basolateral > apical) for rAAV2/6, but not rAAV2/1,
with a range in the ratio of basolateral/apical luciferase expression from 0.22 to 2.19 for
rAAV2/1 and 54 to 445 for rAAV2/6 (Table 1). Figure 2c depicts the average results from
these experiments, which resulted in basolateral/apical transduction ratios of 0.81+/-0.16 for
rAAV2/1 and 176+/-48 for rAAV2/6. The higher apical transduction efficiency of
rAAV2/1, in comparison to rAAV2/6, was confirmed in analysis of multiple donors at 3-
and 7-day post-infection time points (Figure 2d and Table 2). Figure 2d shows the average
fold difference in apical transduction efficiencies of rAAV1 relative to rAAV6 (normalized
to 1 for each experiment) from side-by-side comparisons using multiple donor tissues (the
individual data are summarized in Table 2). These studies demonstrate that the transgene
expression following apical infection with rAAV1 is more than 10-fold higher than that with
rAAV6.

Post-entry processing differences are the major cause of divergent apical transduction of
HAE by rAAV1 and rAAV6

Although it remains unclear what receptors rAAV1 or rAAV6 utilize to infect polarized
airway epithelia, we hypothesized that the divergent apical (rAAV2/1 > rAAV2/6; ~10-fold)
and basolateral (rAAV2/6 > rAAV2/1; ~100-fold) transduction efficiencies by these two
serotypes was due to differences in viral uptake from each of the membranes. To the end, we
quantified internalized viral genomes using quantitative real-time PCR and luciferase
transgene expression at 18 hours and 3 days post-infection (Figure 3a). Analysis for
rAAV2/1 demonstrated that 18.3- and 14.6-fold less rAAV1 viral genomes were taken up by
the basolateral membrane at 18 hrs and 3 days, as compared to the apical membrane, despite
similar levels of transduction from both membranes (Figure 3b and Figure 2c). Comparison
of the viral efficiencies (transgene expression/viral genome) (Figure 3c) suggests that the
endocytosed rAAV2/1 virions are processed more efficiently from the basolateral
membrane, and implicates different infection pathways from the two membranes. In contrast
to rAAV2/1, analysis of rAAV2/6 demonstrated that viral uptake was significantly more
efficient from the basolateral membrane (11.1-fold at 18 hrs and 6.5-fold at 3 days) (Figure
3a). However, the greater number of virions taken up from that basolateral membrane did
not completely account for the significantly higher efficiency of basolateral transduction
(1632-fold at 18 hrs and 238-fold at 3 days) (Figure 3a and b). Indeed, like rAAV2/1, viral
processing pathways of rAAV2/6 was significantly more efficient from the basolateral than
from the apical membrane, based on the transgene expression/viral genome ratios at 18 hr
and 3 days post-infection (Figure 3c). This suggests that both more efficient viral
endocytosis and virion processing control the high levels of basolateral transduction by
rAAV2/6. By 3 days post-infection, viral genome efficiency following apical transduction
(i.e., transgene expression/viral genome) was significantly higher (3.2-fold) for rAAV2/1
than rAAV2/6, implicating differences in transduction biology from the apical membrane.
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Amino acid capsid differences at position 418 and 531 most significantly influence
differences in HAE transduction polarity by rAAV1 and rAAV6

We next sought to evaluate which of the six amino acids differences between AAV1 and
AAVG6 were responsible for the observed differences in transduction of polarized HAE from
the apical and basolateral membranes. Alignment of various AAV capsid proteins sequences
for different serotypes indicated that the amino acid residues at positions 418 and 642 are
located within a structurally conserved region. The remaining four amino acid differences at
positions 129, 531, 584, and 598 are located within, or close to, the variable regions (VR)
that are important structural determinants for virus transduction or antigenic

recognition!?: 33,34 Recent structural analysis of AAV1 and AAV6 viral-like-particles
(VLP) has revealed that residues 418 and 642 are located on the interior of the virion and
residues 531, 584 and 598 on the exterior surface of capsid, while the location of residue
129 remains unknown since the VP1 protein was not included in the VLP35. Analysis of
available AAV serotype crystal structures demonstrated that the variable regions VRI and
VRVI are commonly divergent!l: 33.35-37 Although AAV1 and AAV6 exhibit the fewest
structural differences, superimposing the crystal structures of AAV1 and AAV6 revealed
that they still adopted slightly different conformation in VRVI, where residue 531 is
located3®. To determine which amino acids most significantly influenced the transduction
behavior of rAAV1 and rAAV6 in HAE, we constructed six AAV6 capsid mutant luciferase
viruses depicted in Figure 4a (rAAV2/6-F129L, rAAV2/6-L584F, rAAV2/6-V598A,
rAAV2/6-H642N, rAAV2/6-D418E/K531E, and rAAV2/6-F129L/L584F/\V598A/H642N).
The rAAV2/6-F129L mutant is the equivalent to AAV6.2 previously reported28,

The mutations did not significantly impact viral production, with some mutants (rAAV2/6-
H642N, rAAV2/6-D418E/K531E, and rAAV2/6-F129L/L.584F/\/598A/H642N) having ~2-
fold higher DRP yields, and other mutants (rAAV2/6-F129L, rAAV2/6-L584F, rAAV2/6-
V598A) having 1-2 fold lower DRP vyields, in comparison to wild type vectors. We first
characterized these vectors in HeLa cells by evaluating transgene expression at 24 hour post-
infection with equivalent DRP/cells. Given the fact that the rAAV1 and rAAV6 vectors
transduced HeLa cells with equal efficiencies, we did not expect that mutations would alter
their transduction efficiencies in this cell line. However, we did observe changes in the
transduction efficiency of certain mutants, ranging from 7.6-fold lower to 1.7-fold higher in
comparison to rAAV2/6-WT (Figure 4b). Viral uptake for all the mutants was quite similar
when viral genomes were quantified at 24 hrs, with relatively small differences of 24-43%
in comparison to rAAV2/6-WT (Figure 4c). Mutation V598A had no effect on the infection
of rAAV2/6 in terms of both transgene expression and virus uptake. Mutations F129L,
L584F, H642N, and D418E/K531E led to a 3.4-to 7.6-fold decrease in the transduction of
HeLa cells, however, these decreases in transgene expression were not reflected by a general
trend of reduced viral uptake. One mutant, F129L/L584F/\VV598A/H642N, enhanced
transduction 1.7-fold without altering viral uptake in comparison to the WT vector. These
analyses in HeLa cells support the hypothesis that small alterations in the rAAV6 capsid can
lead to statistically significant changes in transduction through post-entry processing of the
virus.
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We next evaluated apical and basolateral transduction of polarized HAE with these
rAAV2/6 mutants (Figure 5). Given that major differences in the kinetics of transgene
expression by rAAV2/1 and rAAV2/6 occur within the first 4 days following infection, we
chose to evaluate transgene expression at 7 days post-infection from the apical and
basolateral membranes (Figure 5a). Additionally, the transduction polarity of each vector
was calculated as the quotient of the basal expression divided by apical expression (Figure
5b). Results from this analysis demonstrated that none of the rAAV2/6 mutants had
improved transduction of HAE from the apical membrane in comparison to rAAV2/6-WT.
Although we cannot rule out that certain other combination of mutations would improve
apical transduction by rAAV2/6, these findings do suggest that multiple capsid differences
between the two serotypes act in concert to improve apical transduction of HAE.

Despite the fact that all the rAAV2/6 mutants retained a basolateral transduction preference
in HAE, one mutant (D418E/K531E) demonstrated a significant change in the polarity of
transduction, making it more similar to rAAV2/1. This rAAV2/6-D418E/K531E virus
demonstrated a 10-fold reduction in basolateral transduction as compared to rAAV2/6-WT
virus, resulting in a level similar to that of the rAAV2/1 (Figure 5a). However, these
mutations had no impact on apical transduction by the mutant. Among the rAAV2/6 mutants
tested, rAAV2/6-D418E/K531E demonstrated the greatest change in transduction polarity
toward that of rAAV2/1 (Figure 5b). These finding demonstrate that the D418 and K531
residues are biologically important for the high level of basolateral transduction by
rAAV2/6.

Another interesting finding was that the mutant AAV6-F129L/L584F/VV598A/H642N, in
contrast to the single mutation vectors F129L, L584F, V598A or H642N, resulted in no
changes in transduction in comparison to the parental AAV2/6-WT vector. This quadruple
rAAV2/6 mutant also can also be designated as AAV2/1-E418D/E531K, an AAV1 capsid
mutant with only two amino acid changes to AAV6 sequence. From this standpoint, only
two changes in the AAV1 capsid conferred significant alterations in the transduction
polarity, increasing basolateral transduction ~10-fold and decreasing apical transduction
~10-fold. In light of the fact that apical and basolateral infection with AAV2/6-F129L/
L584F/\VV598A/H642N (or AAV2/1-E418DES531K) also behaved identically to AAV2/6-
WT, we conclude that capsid amino acids at the position of 418 and 531 are very important
for the divergent transduction polarity between these two closely-related AAV serotypes.

Changes to transepithelial resistance of polarized HAE can significantly alter apical
transduction by rAAV6

The reasons for why our studies demonstrate ~10-fold higher apical transduction of HAE
with rAAV2/1, as compared to the opposite result in HAE previously reported (rAAV2/6 >
rAAV2/1 by ~2-fold)?8, is presently unclear. We hypothesized that differences in how
tightly polarized the airway epithelia are could account for significant changes in apical
transduction by rAAV2/6, since leakage of virus from the apical to the basolateral surface
would be expected to greatly enhance transduction. Alternatively, the extent of polarity
could influence diffusion of highly efficient AAV6 basolateral receptors to the apical
surface. Both of these hypotheses could also potentially explain why we observed an ~8-fold
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range (53 to 446) in the transduction polarity index (basal transduction divided by apical
transduction) for rAAV2/6 between tissue donors (table 1).

To test whether the degree of polarity of HAE influences rAAV2/6 transduction from
apically applied virus, we performed a series of infections following transient EGTA
treatment of the epithelium to disrupt tight junctions and thus polarity to various degrees. In
these studies, treatment of HAE with various doses of EGTA led to dose-dependent decline
in resistance of the epithelium (Figure 6a). In support of our hypothesis, transient reductions
in resistance of the epithelium at the time of infection gave rise to significantly greater
rAAV2/6 transduction when virus was applied to the apical surface (Figure 6a and b).
Furthermore, the degree of resistance also inversely correlated with the extent of
transduction—the lower resistance epithelia gave higher transduction by rAAV2/6 from the
apical surface. Interestingly, relatively minor reductions in resistance induced by the lowest
concentration of EGTA gave rise to relatively large changes in transduction—an 8%
reduction in resistance just prior to infection gave rise to a 4-fold enhancement (p<0.005) in
apical transduction at 7 days post-infection (Figure 6). At the intermediate dose of EGTA, a
35% reduction in resistance gave rise to a 12-fold enhancement (p<0.001) in transduction at
7 days post-infection. Thus, we conclude that the observed variability of rAAV2/6 to
transduce HAE from the apical surface is significantly impacted by the degree of
polarization of the epithelium.

DISCUSSION

With the isolation of so many new rAAV serotypes, evolved mutants, and chimeras, it has
been challenging for the field to determine what rAAV vector is optimal for testing in
clinical trials of CF lung disease. Indeed, the intricacies of various airway models, titers of
infection, and the methods of viral preparation, can all likely influence the outcomes of
comparative testing of rAAV vectors. For example, using the identical model system of
polarized airway epithelia, rAAV2/2, 2/1, and 2/5 demonstrate significant differences in the
efficiencies of both apical and basolateral transduction of human, mouse, pig, ferret, and
non-human primate23: 28 38-40_n a|| the tested species except for rhesus monkey, rAAV1
delivers 10 to 100-fold higher level of transgene expression than rAAV2/2 and rAAV2/5
following apical infection. In vivo evaluation of rAAV2/1 and rAAV2/5 airway transduction
in chimpanzee, the closest existing genetic relative to Homo sapiens, revealed that the
rAAV2/1 was superior to rAAV2/5 with a 20-fold higher efficiency3!. Although
chimpanzee polarized airway cultures could not be tested, this finding suggested that
serotype differences in transduction exist even among non-human primate species
(chimpanzee rAAV2/1 > rAAV2/2 and rAAV2/5; rhesus monkey rAAV2/2 > rAAV2/1
and rAAV2/5). Because of these species-specific differences, polarized human airway
epithelia have become the gold standard for assessing transduction profiles of rAAV
serotypes for gene therapy of lung disease.

Gene transfer studies using rAAVS, a very close relative of rAAV1, demonstrate that this
serotype efficiently transduces airways from different species included mice and dogs in
vivol3: 30,41 This is perhaps not surprising given the high efficiency of rAAV1 at
transducing airway epithelia of most species. However, several reports have begun to
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suggest that differences between rAAV2/1 and rAAV2/6 transduction of mouse
hepatocytes'S: 16 and both mouse®! and human airway epithelia28, with rAAV2/6
performing better than rAAV2/1. An rAAV6 variant, designated as rAAV6.2, performed
even better than its parental rAAV6 wild type vector in mouse lung transduction in vivo and
also in human polarized airway epithelia in vitro?®, Interestingly, rAAV6.2 contains only
one amino acid change (F129L) that alters this amino acid to that found in the AAV1 capsid.
Based on this report, the rAAV6 and its variants could be better candidate vectors than
rAAV1 for CF lung gene therapy. In the present study, we sought to perform a more in
depth analysis of what amino acid differences between the AAV6 and AAV1 capsid
determine differences in transduction efficiency of human polarized airway epithelia.

Our studies revealed strikingly different transduction profiles between the rAAV2/1 and
rAAV2/6 vectors in human polarized airway epithelia, despite similar transduction profiles
in HelLa cells. Previously unanticipated differences in transduction polarity between these
serotypes was observed—rAAV2/1 transduced epithelia ~10-fold more efficiently from the
apical membrane and ~10-fold less efficiently from the basolateral membrane than
rAAV2/6. While rAAV2/1 transduction efficiencies from both apical and basolateral
membranes were roughly equivalent, rAAV2/6 transduction from the basolateral membrane
was ~100-fold more efficient than apical infection. This polarity of transduction by
rAAV2/6 is similar to that of rAAV2/2 and rAAV2/522: 23 These differences in the polarity
of transduction by rAAV2/1 and rAAV2/6 support the notion that infectious pathways of
these two serotypes in human airway epithelia significantly differ.

Serotype differences in rAAV transduction of apical and basolateral membranes of polarized
airway epithelia are most likely influenced by serotype-specific receptors and co-receptors
that reside in these two membrane compartment. Our findings suggest that the
transmembrane resistance of HAE can significantly influence the polarity of rAAV6
transduction, with lower resistance epithelial giving rise to much higher transduction by
rAAV6 from the apical surface (Figure 6). The most likely explanation for this finding is
redistribution of highly effective basolateral rAAV6 receptors to the apical surface when
resistances are low and thus polarity is compromised. Such findings likely explain
discrepancies in the efficiency of rAAV6 and rAAV6.2 to infect the apical surface of HAE
between a previous study (rAAV6.2>rAAV2/6 > rAAV2/1)28 and our current studies
(rAAV1> rAAV6>rAAV2/6.2 or F129L-rAAV6). It is also likely that variation in the
extent of HAE polarization between donor samples also explains the observed ~10-fold
range in the transduction polarity index of rAAV2/1 in our studies (table 1; 0.22 to 2.19),
since viral processing from the basolateral surface appears to be more efficient for this
serotype (i.e., transduction per viral genome taken up by HAE was greater following
basolateral infection as compared to the apical infection, Figure 3c).

The different transduction polarities between these two serotypes led us to investigate which
of the six amino acids differences between the AAV1 and AAV6 capsids were most
important in controlling this divergent biology. The results revealed that two amino acid
residues in the AAV6 capsid (D418 and K531) had the most significant influence on
basolateral transduction—when these residues were mutated to the AAV1 sequence (D418E
and K531E), the basolateral transduction efficiency of the mutant rAAV?2/6-D418E/K531E
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vector was similar to that of rAAV2/1. This same rAAV2/6-D418E/K531E mutant can also
be considered a rAAV2/1-L129F/F584L/A598V/N642H mutant and given its ~10-fold
reduced level of apical transduction as compared to rAAV2/1-WT virus, we concluded these
amino acids (L129/F584/A598/N642) are important for the higher apical transduction by
rAAV2/1. However, mutagenesis of each of these amino acids singly within the AAV6
capsid to the AAV1 sequence failed to restore apical transduction efficiencies to rAAV2/1-
WT levels. Additionally, the rAAV2/6-F129L/L584F/\V598A/H642V mutant (same as a
rAAV2/1-E418D/E513K mutant) retained apical and basolateral transduction profiles
identical to rAAV2/6-WT virus, suggesting that E418 and E513 in the rAAV2/1 capsid also
play significant roles in apical transduction. Thus, we conclude that the six amino acid
differences in the AAV1 capsid act in concert to control its higher level of apical
transduction in comparison to AAV6.

Vector genome analyses demonstrated that differences in transgene expression following
rAAV2/1 and rAAV2/6 basolateral infection are most-likely related to differing amounts of
viral uptake—significantly more viral uptake of rAAV2/6 from the basolateral surface (100-
and 23-fold at 18 hr and 3 day time points, respectively) correlated with higher transgene
expression. Although differences in viral uptake from the apical surface were less
pronounced for the two serotypes (4.5- and 3.2-fold greater for rAAV2/1 at 18 hrs and 3
days post-infection), this most likely contributed to the ~10-fold higher transduction by
rAAV2/1. Since capsid amino acid 531 is located on the exterior surface of the AAV1 or
AAVG virions, it is likely E531 or K531 residues are involved in virion binding and uptake.
It was reported that the K531 residue in the AAV6 capsid is essential for the heparin binding
characteristic of AAV6 and important for the higher transduction of hepatocytes by AAV6
than AAV114: however, competitive binding with heparin has been reported to not affect
rAAVS infection of an immortalized human airway cell linel3. Thus, it remains unclear if
heparan sulfate proteoglycans mediates higher-level basolateral transduction by rAAV6.

In summary, we find that the two very closely related rAAV1 and rAAV6 serotypes have
significantly different biologic properties as recombinant viruses when infecting polarized
human airway epithelia from the apical and basolateral membranes. AAV6 capsid amino
acids F129, L584, V598, and H642 appear to play little role in the significant transduction
polarity observed with rAAV2/6 (basolateral > apical). By contrast, capsid amino acids
D418 and/or K531 appear to most significantly control enhanced basolateral transduction by
rAAV2/6. The enhanced ability of rAAV2/1 to transduce polarize human airway epithelia
from the apical membrane appears to require most, if not all, the amino acids that differ with
AAVG capsid. Studies comparing rAAV1 and other serotypes such as rAAV?2 and rAAV5
have demonstrated similar viral uptake from the apical and basolateral surfaces of HAE, but
significant differences in transduction, implicating post-entry processing as the cause of
divergent transduction. In the case of rAAV6 and rAAV1, differences in uptake more
closely correlated with transduction differences, suggesting that receptor entry pathways
likely play a more significant role in their divergent transduction biology of HAE. Thus,
further investigation into the receptors utilized by AAV6 and AAV1 may lead to rational
improvements in vector design for gene therapy to the airway.
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MATERIALS AND METHODS

Recombinant AAV Vector Production

Cell Culture

AAV1 helper plasmid p5SE18RXC1 harboring AAV2 rep and AAV1 cap genes was kindly
provided by Dr. James Wilson (University of Pennsylvania). pRep6Cap6 is an ITR-deleted
AAV6 genome plasmid clone and was a gift from Dr. David Russell (University of
Washington). To generate a common packaging system, AAV6 divergent capsid sequences
were cloned into the AAV1 packaging system. The AAV1 and AAV6 capsid genes share
identical nucleotide sequence at the immediate N-terminus of VVP1 and a unique EcoN I site
is located in this region. The portion of the AAV6 capsid gene after the EcoNI site was
retrieved from plasmid pRep6Cap6 by EcoNI and BamHI digestion and used to replace the
corresponding EcoNI-BamHI fragment in p5SE18RXC1. The resultant plasmid (pR2C6) is
the AAV6 helper plasmid and was used for pseudotyping rAAVE virus in this study. Both
pR2C6 and p5E18RXC1 link the AAV?2 rep gene to the AAV6 and AAV1 cap genes,
respectively; both having identical sequences with the exception of the 6 divergent capsid
amino acids. All the other helper plasmids for the AAV6 mutants were constructed based on
the pR2C6. The helpers for pR2C6-L584F, pR2C6-V598A and pR2C6-H642N were
generated by site-directed mutagenesis with the Quick Change 11 kit from Stratagene. Helper
plasmid pR2C6-F129L was generated by swapping the 603 bp EcoNI-Kasl fragment from
p5E18RXC1 into pR2C6. Helper plasmid pR2C6-D418E/K531E was generated by
swapping the Kasl to Mscl 1068 bp fragment from pSE18RXCL1 into pR2C6, whereas helper
plasmid pR2C6-F129L/L584F/VV598A/H642N was generated by swapping the same
fragment from pR2C6 to pSE18RXCL1. All the helper plasmids were sequence confirmed.

Viral stocks of rAAV packaged an identical AAV2 genome harboring a CMV-luciferase
expression cassette and were generated by triple plasmids co-transfection using an
adenovirus-free system as previously described?3; this system uses the rAAV helper plasmid
pAD Helper 4.1 (adenovirus helper plasmid) and pAV2-CMV Luc-flag (rAAV?2 proviral
plasmid). All rAAV1, rAAV6 and mutant viruses were purified with an identical procedure
by two rounds of CsCl ultracentrifugation followed by ultracentrifugation sedimentation
through two sucrose cushions of 30% and 50% (W/V). The virus pellet was then
resuspended in PBS. The titers of viral preparations as DNase-resistant particles (DRP) were
determined by TagMan real time quantification PCR and confirmed with slot blot assays
using a P32 labeled probe against luciferase gene. The purities of these vectors were
analyzed in SDS-PAGE. No significant impurity protein bands were observed by Coomassie
blue staining. The viruses were also examined by transmission electronic microscopy with
negative staining. There were no obvious differences in virion aggregation and empty
particles (without DNA packaged) were only infrequently observed for both serotypes.

and Virus Infection Conditions

293, Hela, and 1B3 cells were cultured as monolayers in Dulbecco’s modified Eagle
medium (DMEM), supplemented with 10% fetal bovine serum and penicillin-streptomycin,
and maintained in a 37°C incubator at 5% CO,. AAV infections were performed by directly
adding the viruses at a MOI of 5000 DRP/cell to cell cultures in 24-well or 48-well plates at
~70% confluency. Viruses were left in the culture medium over the 24h infection period.
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Polarized human airway epithelia were generated as previously described from lung
transplant airway tissue*2 and were obtained from the Tissue and Cell Culture Core of The
Center for Gene Therapy at the University of lowa. Epithelia were grown on 12 mm
Millicell membrane inserts (Millipore) and differentiated with USG medium at an air-liquid
interface prior to use 42. To apically infect the polarized airway epithelia, 5x10° DRP of
rAAV were diluted in USG medium to the final volume of 50 pl and applied to the upper
chamber of the Millicell insert. For basolateral infections, 5x10° DRP of rAAV containing
medium was directly added to the culture medium in the bottom chamber. Viruses were
exposed to epithelia for 16 hrs and then removed. At this time, the Millicell inserts were
briefly washed with a small amount USG medium and fed with fresh USG medium to the
bottom chamber only. Approximately 108 cells are in each Millicell insert and thus the
multiplicity of infection (MOI) was ~5000 DRP/cell. Transduction was assessed by
luciferase reporter assays at various time points post-infection using cell lysates or IVIS
biophotonic imaging.

Measurement of luciferase reporter expression

Luciferase enzyme activity in cell lysates was determined using the Luciferase Assay
System (Promega) in a 20/20 luminometer equipped with an automatic injector (Turner
Biosystems). Quantification of luciferase activity in live cells was performed using the IVIS
Biophotonic Imaging system according to the manufacturer’s instructions. Images were
taken 15 min after adding the VivoGlo Luciferin substrate (Promega) to the basolateral
culture medium only and quantification of images were processed with the Living Image
2.51 software (Xenogen).

Analysis of internalized viral genome assay

Fully differentiated human polarized airway epithelia were infected with 5x10° particles of
rAAV. After a 4 hr infection period, virus was removed by extensive washing with PBS.
The Millicell inserts then were fed with fresh medium in the bottom chamber and put back
to 37°C incubator until 18 hr or 3 day post-infection time points. At these two time-points,
each Millicell insert was washed thoroughly with 40 ml PBS in a 50 ml conical tube three
times, then the cells were lysed with 100 pl luciferase cell lysis buffer for both luciferase
assays and PCR quantification of viral genomes. For PCR analysis, 10 pl of this cell lysate
was mixed with 40 pl digestion buffer (50 mM KCI, 2.5 mM MgCl, 10 mM Tris pH 8.0,
0.5% NP40, 0.5% Tween-20 and 400 pg/ml proteinase K). After digestion at 56°C for 45
min and heat-inactivation at 95°C for 15 min, 1 pl of the digestion was used for TagMan
PCR. Viral genome assays on HeLa and IB3 cells were similarly performed, except the cells
were trypsinized and the cell pellets were washed twice before the proteinase K digestion in
50 pl of the above digestion buffer.

Quantitative analysis of rAAV genome by TagMan PCR

TagMan real time PCR was used to quantify the physical titer of the viral stocks and copies
of viral genome in cell lysates from AAV infected cells as previously described?3: 32, The
PCR primers used were 5’-TTTTTGAAGCGAAGGTTGTGG-3 (forward) and 5’-
CACACACA GTTCGCCTCTTTG-3’ (reverse) and amplify a 73 bp fragment of the
rAAV2.Luc genome. The Tagman probe (5'-
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ATCTGGATACCGGGAAAACGCTGGGCGTTAAT-3) was synthesized by IDT
(Coralville, IA). This probe was tagged with 6-carboxy fluorescein (FAM) at the 5’-end as
the reporter and Dark Hole Quencher 1 (BHQ1) at the 3’-end as the quencher. The PCR
reaction was performed and analyzed using Bio-Rad MyIQ™ Real-time PCR detection
system and software.

Statistics analysis

Data are expressed as means +/— SEM of n independent observations. Data analyses were
conducted using the nonparametric Mann-Whitney test for comparison of two data sets or
One-way ANOVA with a Tukey’s post-test for comparison of three or more data sets. All
statistical analysis used Prism software. In all statistical analyses, p values <0.05 were
deemed significant.
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Figure 1.

Quality control analysis of rAAV2/1 and rAAV2/6 viral preparation on cell lines. (a)
rAAV2/1 and rAAV2/6 were purified by CsCl banding followed by sucrose cushion
ultracentrifugation. Viral stocks were then examined by SDS-PAGE followed by Coomassie
Blue staining (4x10° DRP per lane). The three major AAV capsid proteins VP1, 2, and 3 are
marked by arrows. (b) Negatively-stained transmission electron micrographs reveal no
virion aggregations and few empty virions for both serotypes. (c— f) Functional analysis of
rAAV2/1.Luc and rAAV2/6.Luc infection in HeLa and I1B3 cells. Viral genome uptake by
cells at 2 and 24 hrs post-infection was quantified by TagMan PCR in (c) HeLa cells and (e)
IB3 cells. Infections were performed at ~70% confluence in 24-well plates at a multiplicity
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of infection (MOI) of 5000 DRP per cell. Data represents the mean (+/— SEM) viral genome
copies (per well) from 3—4 independent experiments (n is indicated in the graph). Luciferase
expression from rAAV2/1.Luc and rAAV2/6.Luc-infected (d) HeLa cells and (f) I1B3 cells
was measured at 24 hrs post-infection. Infections were performed under the same conditions
for genome analysis (MOI = 5000 DRP per cell). Data represents the mean (+/— SEM)
relative luciferase activity (per well) from six independent experiments (n=6). Statistical
analyses using the nonparametric Mann-Whitney test demonstrated significance for only 2h
viral DNA uptake (*, p<0.005) and 24h transgene expression (T, p<0.005) between
rAAV2/1 and rAAV2/6 infections in IB3 cells.
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Figure 2.

Transduction profiles of rAAV2/1 and rAAV2/6 on polarized human airway epithelia
following apical and basolateral infection. (a, b) Time-course comparison of rAAV2/1- and
rAAV2/6-mediated luciferase expressions using two independent human airway donors
(B12-11 and B15-11). 5x10° DRP of AAV2/1.Luc or AAV2/6.Luc were applied to either
the apical or the basolateral surface of polarized airway epithelia (n=3 Millicell inserts per
infection condition). Luciferase expression was monitored over 14 days by biophotonic
imaging of live cells using the Xenogen 200 IVIS. Lucigenin substrate was added to the
culture medium 15 min before the measurements were taken. Data represents the mean (+/-
SEM) relative luciferase activity per well (n=3 independent wells). (c) Comparison of the
transduction polarity of rAAV2/1 and rAAV2/6 at 3 days following apical and basolateral
infection. The infection conditions were the same is (a). Data represents the mean (+/-
SEM) transduction efficiency normalized to apical as 100% for each of the 8 independent
donor samples tested (n=11 independent rAAV2/1 infections with four different viral
preparation and n=10 independent rAAV1/6 infections with three different viral
preparation). The raw data used to generate this graph is summarized in Table 1 for each
individual donor sample tested. Statistical analyses using the nonparametric Mann-Whitney
test demonstrated the difference between the apical and basolateral infections were
significant for rAAV2/6 (p<0.0001) but not for rAAV2/1. (d) Comparison of the apical
transduction efficiencies of rAAV2/1 and rAAV2/6 at 3 and 7 days post-infection. As
summarized in Table 2, the ratio of rAAV2/1 apical transduction divided by rAAV2/6 apical
transduction were calculated at 3 and 7 days post-infection for each donor sample tested.
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Value represents the mean (+/— SEM) at 3 days post-infection (n=7 independent donors
samples) and 7 days post-infection (n=6 independent donors samples). Statistical analyses
using the nonparametric Mann-Whitney test demonstrated that the differences between
rAAV2/2 and rAAV2/6 were significant (3 day, p<0.001; 7 day p<0.005).
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Figure 3.
Comparison of viral uptake and transduction following infection of polarized human airway

epithelia with rAAV2/1 and rAAV2/6. Polarized human airway epithelia were infected with
5x10° DRP of rAAV2/1 or rAAV2/6 from either apical or basolateral membranes. Cultures
were washed thoroughly at 4 hour post-infection to remove extracellular virus and infections
were continued until the 18 hrs and 3 days time points. The cells were then lysed, and (a)
internalized viral genomes were quantified by TagMan PCR and (b) luciferase activity was
determined on the cell lysates. (¢c) rAAV2/1 and rAAV2/6 vector efficiencies were
calculated as transgene expression per viral genome. Data represents the mean (+/— SEM)
values from n=7 independent infections at each of the time points. Statistical analysis was
performed using the nonparametric Mann-Whitney test. Significant differences (p<0.05)
between the comparisons were marked as follows: * rAAV2/1 apical infection vs. rAAV2/1
basolateral infection, t rAAV2/1 apical infection vs. rAAV2/6 apical infection, * rAAV2/6
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apical infection vs. rAAV2/6 basolateral infection, # rAAV2/6 basolateral infection vs.
rAAV2/1 basolateral infection.
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Figure 4.
rAAV?2/6 mutant vectors and their transduction profiles in HeLa cells. (a) Schematic

representation of the amino acid differences in the capsid of wild type AAV1, AAV6 and
the six AAV mutants generated by introducing AAV1 amino acid residues into the AAV6
capsids. The six amino acid residues that vary between AAV1 and AAV6 capsids are
marked with grey squares for the AAV1 sequence and black circles for AAV6 sequence. (b)
Transduction profiles of luciferase-expressing rAAV1-WT, rAAV6-WT, and the various
mutant viruses in HeLa cells. MOI was equal to 5000 DRP/cell for all the infections and
luciferase activities in cell lysates were measured at 24 hr post-infection. Data represents the
mean (+/- SEM) relative luciferase activity (per well) for n=4 independent experiments.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple
comparison post-test (*p<0.001, rAAV2/1-WT vs. mutants; Tp<0.001, rAAV2/6-WT vs.
mutants). (c) TagMan PCR was used to quantify internalized viral genome at 24 hrs
following infection of HeLa cells with rAAV1-WT, rAAV6-WT, and the various mutants.
Data represents the mean (+/— SEM) viral genome copies (per well) for n=4 independent
experiments.
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Figureb.

Comparison of the transduction profiles of rAAV1-WT, rAAV6-WT, and the various
mutants following apical or basolateral infection of polarized human airway epithelia.
Human polarized airway epithelial cultures were infected with 5x10° DRP/well of
AAV2/1.Luc, AAV2/6.Luc and the various mutant vectors from either the apical or
basolateral surface of polarized airway epithelial cultures. Duplicate infections were
performed for each infection condition on cells from two independent donors (T21-10 and
B19-10). (a) Luciferase expressions at 7 days following apical or basolateral infections with
the various vectors. Data represents the mean (+/- range) relative luciferase activity. (b)
Transduction polarity was calculated as the ratio of luciferase activity seen following
basolateral infection divided by that observed following apical infection. Data represents the
mean (+/- SEM) transduction polarity ratio for n=4 paired infections from two donor
samples. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple
comparison post-test (*p<0.05, rAAV2/1-WT vs. rAAV2/6-WT and mutants; tp<0.05,
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rAAV2/6-WT vs mutants, only rAAV2/6-D418E/K531E demonstrated a significant
difference in comparison to rAAV2/6-WT).
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Figure6.
Changes in resistance of human airway epithelia influence rAAV2/6 transduction with virus

applied to the apical surface. Various degrees of transient tight junction disruption were
induced at the time of infection by adding 200 ul of PBS containing the indicated
concentration of EGTA to the apical chamber for 5 min. The EGTA solution was then
removed and epithelia were washed twice with USG medium. During the period of the last
wash, the transepithelial resistance (R;) was measured with an ohmmeter. After measuring
Rt and removing all the media from the apical chamber, the epithelia were infected with
5x10% DRP of rAAV2/6.Luc from the apical surface. Vehicle controls (0 mM EGTA) were
treated identically with solutions lacking EGTA and infected with the same dose of
rAAV2/6.Luc from the apical or basal membrane. Luciferase expression on 3 and 7 days
post-infection were measured by imaging of live cells using the Xenogen 200 IVIS. The R¢
of each MilliCell was also measured 7 days after luciferase imaging to confirm restoration
of normal polarity. (a) The average R; of epithelia prior to infection and the relative
luciferase activity at 3 days post-infection. (b) The average R; of epithelia and relative
luciferase activity at 7 days post-infection. Data represents the mean (+/— SEM) relative
luciferase activity (RLU/per well) and the transepithelial resistance (R;) of each test group
(n=7). Statistical analysis was performed using the nonparametric Mann-Whitney test
(**p<0.005 and ***p<0.001, R; of EGTA-treated cells vs. mock-treated cells; Tp<0.05,
t1p<0.005, and t11p<0.001, apical transgene expression of EGTA-treated cells vs. mock-
treated cells).
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