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Gene therapy has not yet improved cystic fibrosis (CF)
patient lung function in human trials, despite promising
preclinical studies. In the human CF lung, inhaled gene
vectors must penetrate the viscoelastic secretions coat-
ing the airways to reach target cells in the underlying
epithelium. We investigated whether CF sputum acts as
a barrier to leading adeno-associated virus (AAV) gene
vectors, including AAV2, the only serotype tested in CF
clinical trials, and AAV1, a leading candidate for future
trials. Using multiple particle tracking, we found that
sputum strongly impeded diffusion of AAV, regardless of
serotype, by adhesive interactions and steric obstruction.
Approximately 50% of AAV vectors diffused >1,000-fold
more slowly in sputum than in water, with large patient-
to-patient variation. We thus tested two strategies to
improve AAV diffusion in sputum. We showed that an
AAV2 mutant engineered to have reduced heparin bind-
ing diffused twice as fast as AAV2 on average, presum-
ably because of reduced adhesion to sputum. We also
discovered that the mucolytic N-acetylcysteine could
markedly enhance AAV diffusion by altering the sputum
microstructure. These studies underscore that sputum
is a major barrier to CF gene delivery, and offer strate-
gies for increasing AAV penetration through sputum to
improve clinical outcomes.
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INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive disorder that afflicts
~70,000 people worldwide.! In patients with CF, absence of func-
tional CF transmembrane conductance regulator (CFTR), a chlo-
ride channel, impairs salt and water balance at epithelial surfaces.?
Lung disease is the primary cause of morbidity and mortality in

CE A vicious cycle of airway obstruction, infection, and inflam-
mation causes progressive decline in patient lung function.>* The
median predicted survival age of CF patients has climbed in recent
decades, thanks to new drugs, early diagnosis, and improved care,
but it is still only about 40 years.?

After the discovery of the CFTR gene in 1989, researchers
envisioned treating CF by delivering the correct gene directly to
patient lungs to restore CFTR function.® In cell culture and animal
models, gene therapy has successfully mediated CFTR expression
and corrected chloride current.*> However, achieving clinical
efficacy in humans has proved challenging.>® Despite 25 clinical
trials testing adenovirus (AdV), adeno-associated virus (AAV),
and nonviral vectors, gene therapy has yet to produce clinically
significant improvements in CF patient lung function.*® These
disappointing results have been blamed on immune response to
the gene vectors, inefficient transduction of human airway epithe-
lium via the apical membrane, and weak promoters to drive gene
expression.’

Another major obstacle to pulmonary gene therapy for CF is
the layer of viscoelastic airway secretions that coats the CF lung
epithelium.>”® CF airway secretions are a gel comprised of entan-
gled and crosslinked mucins, DNA, actin, and other macromol-
ecules and cell debris.” This biopolymer network may trap inhaled
particles by steric obstruction and specific or nonspecific adhesive
interactions.”"® Nevertheless, most CF gene therapy preclinical
research has been conducted using cell culture and animal models
that lack CF-like airway secretions and thus do not fully mimic the
CF lung.> We previously found, in a proof-of-concept study, that
sputum from five CF patients strongly hindered diffusion of AdV
and AAV serotype 5 (AAV5)."" Likewise, CF sputum inhibited
AdV-mediated transfection in in vitro and ex vivo experiments.'?
These studies underscore that airway secretions can act as a barrier
and prevent inhaled viral vectors from reaching target lung cells.

Given its clinical significance, much remains to be learned
about the CF sputum barrier to AAV gene therapy. AAV2 was
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the first AAV serotype characterized and the only one tested in
CF clinical trials, yet whether AAV2 can penetrate CF sputum
is unknown. AAV is a leading viral gene delivery platform, and
numerous other AAV serotypes have been investigated for their
ability to transduce airway cells.*”® AAV5 exhibited enhanced
transduction efficiency in the mouse lung compared with AAV2,"
which motivated our prior work testing AAVS5 diffusion in CF
sputum.” A more recent study showed that AAV1 outperforms
AAV5 in human primary airway cells and in chimpanzees.®
Because AAV1 has emerged as a promising candidate for future
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Figure 1 Effect of AlexaFluor 647 (AF647) dye labeling on adeno-asso-
ciated virus (AAV) transduction in BEAS-2B cells and on nanoparticle
transport in cystic fibrosis (CF) sputum. (a—d) BEAS-2B cells transduced
(a) with AAV2 or (b) with AF647-labeled AAV2 (AAV2-AF647) are com-
pared with (c) untreated control cells. The AAV packaged a green fluores-
cent protein (GFP) reporter gene; green indicates GFP expression. Scale
bars represent 100 um. (d) Flow cytometry comparing GFP expression in
BEAS-2B cells transduced with AAV2 versus AAV2-AF647. Results shown
are mean cell fluorescence, in arbitrary units. Error bars denote standard
error of the mean (n = 3). The difference in transduction between AAV2
and AAV2-AF647 is not statistically significant. (e-f) Multiple particle
tracking in CF sputum samples of (e) 100-nm PS-PEG particles versus
(F) 100-nm PS-PEG particles labeled with AF647 (PS-PEG-AF647). Graphs
show distribution of individual particles’ mean squared displacement
(MSD) at a time scale of 1 second. Data represent six sputum samples,
with an average of >1500 particles of each type tracked per sample.
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CF gene therapy clinical trials, its ability to penetrate CF sputum
must also be assessed. All AAV serotypes have nonenveloped,
icosahedral, ~25-nm-diameter capsids,' so the sputum mesh will
sterically obstruct all serotypes equally. However, the serotypes
differ in their tropisms and binding affinities,'*'” which may alter
their adhesion to, and thus their diffusion through, sputum.

Here, we investigated diffusion of AAV1 and AAV2, com-
pared with AAV5, in sputum samples from adult CF patients.
Using multiple particle tracking and automated image analysis,
we measured the movement of >30,000 AAV particles at single
virus resolution in >20 patient samples. We observed that CF spu-
tum hindered a large fraction of AAV particles, regardless of sero-
type. The sizeable patient population and the number of viruses
studied enabled us to examine inter- and intrapatient variability.
Furthermore, we demonstrated two methods to improve AAV
diffusion in CF sputum: virus capsid modification and mucolytic
therapy with N-acetylcysteine. Our findings suggest strategies and
future research directions for overcoming the CF sputum barrier
to clinically successful inhaled gene delivery.

RESULTS

Characterization of fluorescently labeled AAV

We labeled the AAV capsid with a deep red fluorescent dye, Alexa
Fluor 647 (AF647), to track the movement of AAV in freshly
collected human CF sputum. To assess whether attaching this
exogenous dye molecule would affect our subsequent studies, we
examined the consequences of dye labeling on AAV infectivity
and on particle transport in CF sputum.

First, we examined whether AF647 labeling altered AAV
infectivity. We infected BEAS-2B bronchial epithelial cells with
AAV?2 or with AF647-labeled AAV2 (AAV2-AF647) at the same
multiplicity of infection. The virus carried a green fluorescent pro-
tein (GFP) reporter gene, which allowed us to assess transduc-
tion efficiency by fluorescence microscopy and flow cytometry
(Figure 1a-d). We found no statistically significant difference in
gene expression by the cells infected with AAV2 compared with
infection with AAV2-AF647 (two-sided t-test, P = 0.25). Next,
we examined whether attaching AF647 affected particle diffu-
sion in CF sputum. Since we could not image unlabeled AAV,
we addressed this question using polystyrene (PS) nanoparticles

Table 1 Hydrodynamic diameter (nm) of unlabeled versus Alexa Fluor-
labeled AAV and PS-PEG particles

Unlabeled? Labeled*®
AAV1 201 19+1
AAV2 30+1 30+1
AAVS5 21+1 19+1
AAV2 mutant 28+0.2 28+1
PS-PEG 128+5 125+1

AAV, adeno-associated virus; PS-PEG, polystyrene particles coated with polyeth-
ylene glycol

aMeasured by dynamic light scattering (DLS), using a Malvern Zetasizer Nano ZS.
Data represent the mean of n = 3 measurements. Error values represent standard
deviation. °For these measurements, AAV was labeled with Alexa Fluor 555, rath-
er than Alexa Fluor 647 (AF647), which was the dye used for the particle-tracking
experiments. The DLS instrument uses a 633-nm laser, so compounds such as
AF647 that strongly absorb 633-nm light interfere with the size measurement
and are incompatible with the instrument (see Malvern manual).
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internally labeled with a fluorescent dye, and which were densely
coated with polyethylene glycol (PEG) to minimize adhesion to
sputum (PS-PEG).***? We measured the transport in CF spu-
tum of 100-nm PS-PEG particles compared with 100-nm PS-PEG
particles further labeled with AF647 on the particle surface
(PS-PEG-AF647). A histogram of the mean squared displacement
(MSD) of PS-PEG particles in CF sputum (Figure 1e) was nearly
identical to that of PS-PEG-AF647 (Figure 1f). Finally, using
dynamic light scattering, we confirmed that dye labeling did not
affect the size of AAV or PS-PEG particles (Table 1). Together,
these studies strongly suggest that labeling AAV with dye did not
alter its biological activity or diffusivity.

Transport of AAV serotypes 1, 2, and 5 in CF sputum

We studied the diffusion of AAV serotypes 1, 2, and 5, as well
as polymeric nanoparticles for comparison, in 10 CF sputum
samples. Using particle tracking and automated image analy-
sis, we analyzed the trajectories of tens of thousands of viruses
and nanoparticles. Histograms of individual particle MSDs at
a time scale of 1 second, averaged over the 10 patient samples
with each sample equally weighted, are shown in Figure 2 and
Supplementary Figure S2. In 20 °C water, a 25-nm-diameter
AAV particle would have a two-dimensional MSD of 69 pm? at
1 second, according to Stokes—Einstein theory.”** In comparison,
all the three AAV serotypes were greatly slowed in CF sputum
(Figure 2b-d). Approximately 50% of the AAV particles moved
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Figure 2 Transport in cystic fibrosis (CF) sputum samples of adeno-
associated virus (AAV)1, AAV2, and AAV5, compared with 100-nm
PS-PEG control particles. Distribution of individual particle mean
squared displacement (MSD) values at a time scale of 1 second for
(a) 100-nm PS-PEG particles, (b) AAV1, (c) AAV2, and (d) AAV5. Data
represent the average of 10 sputum samples, with each sample equally
weighted, and with an average of >500 particles of each type tracked
per sample. Percentage of particles that moved rapidly, defined as
log,,MSD = 0 at a time scale of 1 second, is shown for each particle
type (dashed boxes).
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less than 1/1,000th their theoretical MSD in water, with MSD <
0.069 um?* (or log, MSD < -1.2) at 1 second.

We found that transport rates of individual particles in spu-
tum ranged as much as five orders of magnitude (Figures 2 and 3),
compared with approximately three orders of magnitude for AAV
in water (Supplementary Figure $3), which reflects the heteroge-
neous nature of CF sputum.? Fast-moving particles are of particu-
lar interest, since they have the greatest likelihood of penetrating
the sputum layer. All the AAV serotypes tested had a subpopula-
tion of fast-moving particles, which we define as those with MSD
> 1 pm? (or log, MSD > 0) at 1 second. Using this definition for
fast-moving particles, it was found that 15, 8, and 6% of AAV1,
AAV2, and AAVS5, respectively, diffused rapidly in CF sputum
(Figure 2b-d). The MSDs of these fast particles typically increased
linearly with time, so if we extrapolate, a freely diffusing particle
that has an MSD (measured by two-dimensional particle tracking)
of 1 um? at 1 second could penetrate a 10-pm sputum layer (con-
sidering only motion in the z-direction) in 200 seconds. Likewise,
the same particle could penetrate a 40-pm sputum layer in about
50 minutes. In other words, the small but important subpopulation
of fast-moving particles would be able to traverse physiologically
relevant distances’ in under an hour, and may be more likely to
penetrate the airway secretions and reach epithelial cells in vivo
prior to being removed from the lungs by mucociliary clearance.
Measurements of mucociliary clearance rates in CF patients vary
widely; the percentage of inhaled particles cleared from CF lungs
within an hour ranged from about 15 to 60% in various studies.”

Overall, only ~5-15% of AAV particles were diffusive, while
the majority of particles were greatly hindered or immobilized in
sputum. For comparison, we also measured the diffusion of poly-
meric nanoparticles in sputum. Our lab has previously shown that
small polymeric nanoparticles, if densely coated with PEG to ren-
der their surfaces hydrophilic and resistant to mucus adhesion,
diffuse faster in sputum than do comparably sized adhesive par-
ticles. However, particles larger than the mesh size of the sputum,
even if PEG-coated, are sterically immobilized.'*'® Here, we found
that in contrast to AAV, nearly 40% of the muco-inert, 100-nm
PS-PEG particles diffused rapidly (Figure 2a). Meanwhile, only
3% of the 100-nm uncoated carboxylate PS particles (PS-COOH),
and only 1% of the 500-nm PS-PEG particles, diffused rapidly in
sputum (Supplementary Figure S2b,c), which agrees with our
previous findings.'

Patient-to-patient variation in AAV transport

We found that AAV and 100-nm PS-PEG particle mobility varied
substantially from patient to patient. Figure 3a shows boxplots of
particle MSDs (at a time scale of 1 second) for sputum samples
from 10 CF patients; Figure 3b shows representative trajectories
of particles in three of those samples. On one end of the spec-
trum is patient 1, in whose sputum sample the majority of AAV
and 100-nm PS-PEG particles were immobilized, as illustrated by
their highly constrained trajectories. Toward the other end of the
spectrum is patient 9, in whose sputum sample larger fractions of
AAV and 100-nm PS-PEG particles were diffusive, as can be seen
from their Brownian trajectories (Figure 3b). Particle transport in
sample 1 was significantly different from that in sample 9 (and also
significantly different from that in samples 4, 8, and 10; P < 0.01 by
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Figure 3 Patient-to-patient variation in adeno-associated virus (AAV) transport. (a) Box-and-whisker plots of mean squared displacement (MSD)
values (at a time scale of 1 second) of AAV1, AAV2, AAVS5, and 100-nm PS-PEG control particles in sputum samples from 10 cystic fibrosis (CF)
patients. Maximum whisker length is 1.5 times the interquartile range; outliers are shown as dots. Patients are numbered in ascending order accord-
ing to the median MSD of 100-nm PS-PEG particles in their sputum sample. The dashed line at log, MSD = 0 is a visual aid to emphasize fast-moving
particles, which we define as log,,MSD > 0 at a time scale of 1 second. (b) Representative trajectories of AAV1, AAV2, AAVS5, and 100-nm PS-PEG
control nanoparticles in sputum samples from 3 of the aforementioned 10 CF patients. Trajectories show 1 second of motion. The MSDs of the tra-
jectories presented are within the middle 50 percentile for the given patient sample and particle or virus type.

two-way analysis of variance followed by Tukey’s honestly signifi-
cant difference test). The three AAV serotypes tested had similar
transport rates within most of the samples. However, in patients 5
and 7, different serotypes exhibited divergent transport behavior.
Those sputum samples may have had different binding affinities
for different AAV serotypes, but intrasample variability likely also
contributed to the variation.

To assess the extent of inter- versus intrasample variability, we
tracked 100-nm PS-PEG particles in the same sputum aliquots in
which we tracked the various AAV serotypes. This provided us
with transport data of one particle type in multiple sputum ali-
quots from each of nine CF sputum samples (Supplementary
Figure S4). From these 100-nm PS-PEG particle transport data,
we found that the variance between samples of log, MSD was
1.00, which was 50 times the variance within samples, 0.02 (linear
mixed-effects model* fit by maximum likelihood). This strongly
suggests that the variation among different samples can largely be
attributed to patient-to-patient differences, rather than to intra-
sputum sample heterogeneity.

We investigated whether patients’ pulmonary function test
results (summarized in Table 2; higher scores indicate better lung
health) could explain the patient-to-patient variation in AAV trans-
port, but we did not find strong correlations. For instance, we found
that median log MSD at 1 second of AAV2 increased marginally

Molecular Therapy vol. 22 no. 8 aug. 2014

Table 2 Patient demographics for Figures 2 and 3

Age 31+8
Sex (number of patients)

M 8

F 2
FEV, (% of predicted value)* 62+27
FVC (% of predicted value)® 83+23
CFTR genotype (number of patients)

F508del homozygous 7

Other 2

Unknown 1

FEV, and FVC are reported as percentages of predicted value for a typical indi-
vidual. Predicted value is a function of age, sex, and height. Age, FEV,, and FVC
values are mean # SD.

*FEV, is forced expiratory volume in 1 second. °FVC is forced vital capacity.

with forced expiratory volume (R* = 0.33) and forced vital capac-
ity (R? = 0.12). Similarly, we found only weak correlations between
AAV transport rates and the measured solid content (percent dry
weight'?) of sputum samples (e.g., R* = 0.11 for AAV2).

Finally, we note that patients involved in this study received
no mucolytics other than Pulmozyme. Furthermore, particle
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transport was not faster in sputum from patients who received
Pulmozyme between 2 and 6 hours prior to their sputum sample
collection (patients 2 and 5 in Figure 3), compared with those who
last took Pulmozyme the day before sample collection (patients 1,
3,7,and 9) and compared with those not on Pulmozyme (patients
4,6, 8,and 10 in Figure 3). This agrees with our prior finding that
Pulmozyme treatment of sputum ex vivo did not affect particle
transport.”*® Thus, Pulmozyme treatment status does not appear
to be responsible for the patient-to-patient variation in particle
transport observed here.

Effect of AAV2 capsid mutation

Adhesion can immobilize particles in sputum, so we next inves-
tigated whether modifying the viral capsid to reduce adhesion
could improve AAV transport. AAV2 binds to heparan sulfate
proteoglycan and heparin.'* This may pose a challenge for sputum
penetration because heparan sulfate is abundant in human tissues
and elevated in the CF lung,”” and has also been identified in spu-
tum from patients with bronchiectasis,” a key feature of CFE. Thus,
we hypothesized that a mutant AAV2, whose capsid was mutated
at positions 585 and 588 to reduce heparin binding, as previously
described,'***** would diffuse faster than AAV2 in sputum.

First, to confirm that the AAV2 mutant indeed had reduced
binding affinity for heparin, we conducted an in vitro heparin
competition assay (Figure 4a). We added AAV2 or the AAV2
mutant to BEAS-2B bronchial epithelial cells bathed in media
with increasing concentrations of dissolved heparin. We assessed
transduction efficiency by measuring AAV-mediated GFP expres-
sion using flow cytometry. Indeed, heparin inhibited AAV?2 trans-
duction significantly more strongly than it inhibited the AAV2
mutant (t-test; P < 0.01) for each of the three heparin concentra-
tions tested. To check the validity of our assay, we confirmed that

a b ——— AAV2 mutant faster
& 051 —— AAv2 faster
€ .
=
> 0.0
C
]

o 1.0t ce-pe- AAV2 mutant o 05

g B 2

S —

$ 0.8

@ lll -1.0

S 06 2

by = -1.5

5 0.4 =

) > 2.0

E 0.2 S

g 2

T 0.0 2.5

0 25 50 75 100
Heparin concentration (ug/ml)

AAV2 AAV2 mutant

Figure 4 Effect of mutation in adeno-associated virus (AAV)2 hep-
arin-binding domain. (a) Effect of soluble heparin on transduction of
BEAS-2B cells by AAV2 versus AAV2 mutant, which was engineered to
reduce heparin binding. Green fluorescent protein (GFP) expression by
transduced cells was measured by flow cytometry. Values shown are rela-
tive to GFP expression in the absence of soluble heparin for the respec-
tive AAV serotype. Error bars indicate standard error of the mean (n > 3).
Difference is statistically significant (P < 0.01) at 10, 25, and 100 pg/ml.
(b) Transport in 17 cystic fibrosis (CF) sputum samples of AAV2 ver-
sus AAV2 mutant. Each marker represents the median mean squared
displacement at a timescale of 1 second in one patient sample. Lines
connect pairs of data from the same patient’s sample. Difference is statis-
tically significant (P < 0.01). See methods section for details on statistics.

1488

© The American Society of Gene & Cell Therapy

heparin did not inhibit BEAS-2B transduction by AAV1 or AAV5,
as expected (Supplementary Figure S5).

To study the effect of the capsid mutation on diffusion in spu-
tum, we tracked AAV2 and the AAV2 mutant in sputum samples
from 17 patients (Figure 4b). We found that the capsid mutation
did affect AAV transport (}*> = 6.86, P = 0.0088), increasing the
median MSD at a time scale of 1 s by a factor of 2.2+1.3. In four
of the sputum samples, the median MSD of the AAV2 mutant was
more than five times that of AAV2. Furthermore, in two sputum
samples, there was more than an order of magnitude increase.
However, since steric obstruction and adhesion to other sputum
components besides heparan can also contribute to hindering
AAV motion, we did not observe the largest improvements spe-
cifically in samples where AAV?2 diffusion was poor. Overall, the
data suggest that engineering the AAV?2 capsid to reduce its adhe-
sion to heparin can improve AAV2 transport in sputum.

Effect of N-acetylcysteine treatment

Previously, our group reported that pretreatment of CF sputum
with the mucolytic drug N-acetylcysteine (NAC) resulted in
improved transport of PS-PEG particles and nonviral gene car-
riers through the sputum.?? NAC, which is US Food and Drug
Administration-approved for various routes of administration,
including inhalation, breaks disulfide bonds that crosslink mucins
into polymers and thereby reduces sputum viscoelasticity.”® Here,
we investigated whether pretreatment of sputum with NAC would
also enhance AAV diffusion.

We measured AAV1 diffusion in untreated CF sputum com-
pared with sputum pretreated with 5 mmol/l NAC. We chose
this concentration based on our earlier finding that millimolar
concentrations of NAC enhanced PS-PEG particle transport in
sputum, whereas concentrations one order of magnitude lower
were much less effective.”® NAC solution prescribed for inhala-
tion (Mucomyst) contains a concentration of 1.2mol/l, or 20%,
NAC. Following a single treatment of NAC delivered by an LC
Star jet nebulizer, the NAC concentration in the upper airways
(generations 1-10) can reach a maximum concentration of about
50 mmol/l, with the concentration exceeding 10 mmol/l for
more than 1 hour. Lower doses are achieved in the small airways
(C Ehre, personal communication, 2014). We found that 5 mmol/l
NAC can have a large effect on AAV1 transport (Figure 5a,b; we
note that the sputum samples used in the NAC study were dif-
ferent from the samples used in Figures 2 and 3, and thus the
percentage of fast AAV1 particles differs between Figures 2b
and 5a). On average, more than 47% of the AAV1 particles dif-
fused rapidly in NAC-treated sputum, compared with only 5%
in untreated sputum. Again, we observed substantial sample-to-
sample variation. In three of the five sputum samples tested, NAC
improved AAV transport by one order of magnitude, whereas in
two samples, NAC had little effect.

For NAC to be viable as an adjuvant for CF gene therapy, AAV
must maintain its ability to transduce airway epithelial cells in the
presence of NAC. We therefore assessed AAV1 transduction of
BEAS-2B cells with and without 5 mmol/l NAC in the cell cul-
ture media (Figure 5¢). We found that NAC only slightly reduced
transduction (by 10%; one-sided t-test, P = 0.027). Together, our
experiments indicate that NAC can increase AAV1 penetration
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Figure 5 Effect of mucolytic agent N-acetylcysteine (NAC) on adeno-
associated virus (AAV)1 transport in cystic fibrosis (CF) sputum and
on AAV1 transduction in BEAS-2B cells. (a—b) Multiple particle track-
ing of AAV1 in CF sputum samples either (a) untreated or (b) pretreated
with 5 mmol/I NAC. Graphs show distribution of individual particles’
mean squared displacement (MSDs) at a time scale of 1 second. Data
represent five sputum samples, with an average of >900 AAV particles
tracked per sample. Percentage of particles that moved rapidly, defined
as log,,MSD > 0 at a time scale of 1 second, is shown for both conditions
(dashed boxes). The sputum samples used for the NAC study were dif-
ferent from the sputum samples used for Figures 2 and 3, and thus the
percentage of fast AAV1 particles differs between Figures 2b and 5a.
(c) Effect of 5 mmol/I NAC in the cell culture media on AAV1 transduc-
tion of BEAS-2B cells. Results show mean cell GFP fluorescence, mea-
sured by flow cytometry, in arbitrary units. Error bars represent standard
error of the mean (P =0.027, n = 8).

through sputum at concentrations that do not dramatically affect
the virus’s ability to transduce cells in culture. We expect similar
results for other AAV serotypes, as NAC works in a nonspecific
manner by disrupting mucin crosslinking.

DISCUSSION

Here, we report that CF sputum strongly hindered the transport of
clinically and preclinically tested AAV serotypes, including AAV1,
2, and 5. We estimate that only 5-15% of AAV particles can pen-
etrate a physiologically relevant distance in sputum fast enough
to avoid clearance. This finding suggests that the CF sputum bar-
rier likely contributed to the disappointing results of AAV2 clini-
cal trials, by preventing most of the inhaled gene vectors from
reaching airway epithelial cells. The inability of AAV to efficiently
penetrate sputum necessitates strategies to overcome this barrier.
We discovered that modulating the adhesive interactions and ste-
ric obstruction of AAV in sputum could improve virus transport,
which suggests that it may be possible to overcome the CF sputum
barrier to AAV gene therapy. Our discoveries were enabled by
multiple particle tracking and automated image analysis to exam-
ine tens of thousands of virus particles in >20 patient samples.
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Adhesion is likely the primary mechanism by which sputum
hinders AAV diffusion. There was a substantially smaller frac-
tion of fast-moving AAV than of 100-nm PS-PEG particles—even
though AAV is approximately four times smaller in diameter
(~25nm). This most likely occurred because AAV adheres to the
network of biomolecules present in sputum, whereas the PEG-
coated particles resist adhesion because of their inert surfaces.'®'
Viruses may bind to sputum components nonspecifically, such as
by electrostatic interactions.”> AAV may also adhere to sputum by
specific binding interactions. AAV2 binds specifically to heparan
sulfate proteoglycan,™ which is abundant in the CF lung.”” AAV5
binds to 02,3 N-linked sialic acids,”” while AAV1 binds to both
02,3 and 02,6 N-linked sialic acids.'® Mucins are rich in sialic
acids, though predominantly of the O-linked variety.’* One study
demonstrated that AAV5 did bind to purified mucin,” though
other studies showed that AAV1 and AAV5 did not bind strongly
to purified mucin.'®** Mucins from different sources and disease
states may vary in their glycosylation, and this could explain the
contradictory reports. Secondary receptors have also been identi-
fied for AAV2 and AAVS5.” Finally, antibodies may trap AAV in
sputum.” Because of their small size, antibodies diffuse relatively
unimpeded in human mucus, but the antibody Fc region forms
transient, low-affinity bonds with mucus.** As antibodies accumu-
late on the surface of a virus, multivalent antibody interactions
with the mucus mesh can trap the virus.** Neutralizing antibod-
ies against AAV2 have been found in ~30% of adults with CE.**
Antibodies against AAV serotypes 1, 5, 6, 7, and 8 have also been
found in humans, though typically with lower prevalence com-
pared with AAV2.3%%7

Physical obstruction by the sputum biopolymer meshwork can
also trap particles. In a subset of patient samples, we found that
the 100-nm PS-PEG particles, which resist adhesion to sputum,
were mostly immobilized. This suggests that those samples’ aver-
age pore size was less than 100 nm. Physical obstruction by the
sputum meshwork likely contributed greatly to hindering AAV in
those samples. Small pores also contribute to adhesive trapping,
by increasing the probability of multivalent binding interactions
between AAV and sputum.'® Sputum samples can have a wide
range of pore sizes,” so even samples with larger average pore
sizes likely have some pores small enough to impede AAV motion.

We showed that modulating adhesion and physical obstruc-
tion may improve AAV diffusion in sputum. We tested a mutant
AAV?2, engineered at two capsid positions to have reduced heparin
binding, and found that it diffused significantly faster in sputum
than did AAV2. We attribute the faster transport of the mutant to
reduced adhesion to heparan sulfate in sputum. A critical con-
sideration is whether the AAV2 capsid modification will reduce
transduction of polarized airway epithelial cells. Recent research
shows that heparan sulfate is not essential for AAV2 transduc-
tion of airway cells,”® so the AAV2 mutant may permit improved
sputum penetration without compromising the vector’s ability to
transduce airway epithelial cells in vivo. Our work provides proof
of the concept that capsid modification may be an effective strat-
egy for improving AAV diffusion in sputum, and it motivates fur-
ther research to design a gene vector that can rapidly penetrate
sputum but is excellent at transducing lung cells in vivo. This may
be a challenging task in general, given that the binding domains
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of cell surface receptors necessary for AAV transduction may also
be present in sputum. A high-throughput screen of many AAV
mutants may be the best approach to address this challenge.

We also found that physically altering sputum using the muco-
lytic drug NAC, which breaks intermolecular disulfide crosslinks
and depolymerizes mucins, could markedly improve AAV trans-
port in CF sputum. For some patients, this may be a relatively sim-
ple and feasible approach for improving gene vector penetration
in sputum. NAC improved AAV transport by one order of mag-
nitude in three of five sputum samples. The two sputum samples
that showed little change with NAC treatment might have had
high mucin content, as we previously found that the effectiveness
of NAC treatment was inversely correlated with the mucin con-
centration—and hence the concentration of disulfide bonds—in
the sputum sample.” In a recent review, the CF Foundation con-
sensus panel found insufficient evidence that NAC improved CF
patients’ lung function, so could not recommend for or against its
routine use; in contrast, the panel did recommend use of recombi-
nant human DNase (dornase alfa, proprietary name Pulmozyme),
which acts as a mucolytic by degrading DNA in CF sputum and
significantly improves pulmonary outcomes.” For the purposes
of improving nanoparticle transport in sputum, however, our
group previously found that DNase treatment alone was ineffec-
tive, while NAC treatment was effective.”>> Even if it is not rou-
tinely used for CF treatment, NAC could be useful as an adjuvant
for AAV gene therapy. We did observe a small (~10%) reduction
in AAV-mediated transduction of BEAS-2B cells when 5 mmol/l
NAC was added to the cell culture media. This reduction is small
considering that NAC treatment may permit 10-fold more AAV
to penetrate sputum. Furthermore, we expect that this reduction
will be even smaller in the airways, where mucins will compete
for NAC, compared with our cell culture experiments, where the
culture media did not contain mucin.

Although many of the AAV particles were immobilized in
sputum, we found that a fraction of them were mobile, with sub-
stantial variation among patients. These data suggest that sputum
may be a greater barrier to AAV gene delivery in some patients
than in others. We observed a wide range in particle transport
among patient samples, in agreement with other studies,” from
essentially all particles immobilized to many particles diffusive.
We reason that a complex interplay between patients’ lung health,
microbial colonization, mucin biochemistry, and airway hydra-
tion determines the physicochemical properties of their sputum,
and thereby governs the extent to which their sputum sterically
and adhesively impedes particle diffusion. It would be clinically
useful to understand the molecular origins of these differences
and identify sputum biomarkers predictive of AAV transport, but
given the complex biochemistry of sputum, such an undertaking
was beyond the scope of our current investigation.

We have also shown that labeling AAV with Alexa Fluor dye
does not affect the virus infectivity or transport in CF sputum.
Still, there are limitations to our experimental approach. The
labeled viruses typically have low fluorescence intensity, and lower
signal-to-noise ratio results in worse tracking resolution. More
broadly, our approach of tracking viruses in expectorated sputum
samples may not fully mimic the in vivo situation. First, the spu-
tum that patients are able to cough out may differ somewhat in
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composition from the secretions coating their airways. Second,
airway secretions in vivo sit above the cell-associated periciliary
layer,"* which may pose an additional barrier to gene delivery.
However, recent work shows that the small size of AAV may facili-
tate penetration through the periciliary layer as well.*? Third, while
we studied the barrier properties of sputum, we did not directly
assess how sputum affects AAV transduction.’>** One alternative
experimental approach to address this issue would be to layer
human CF sputum on top of cultured cells, then add AAV above
the sputum, and assess how the sputum barrier affects transduc-
tion. We have found this to be challenging in practice because the
CF sputum samples tend to infect the cell cultures with bacteria,
and furthermore, it is difficult to add sputum at a physiologically
accurate thickness (on the order of tens of micrometers). Fourth,
we conducted the particle-tracking experiments in static sputum
samples, whereas the CF lung is a dynamic environment with at
least some ciliary activity. In future studies, it would be valuable to
study the transport of promising gene vectors both in human CF
sputum and in the secreted mucus layer on primary airway epithe-
lial cells cultured at the air-liquid interface. The former material
more closely mimics the secretions lining the diseased CF lung,
while the latter approach would permit us to study gene vector
mobility in a dynamic environment with beating cilia. Air-liquid
interface cultures would enable us to experimentally compare the
rate at which gene vectors can diffuse through mucus with the rate
at which they are swept away by mucociliary clearance.

In summary, this work quantitatively demonstrated that CF
sputum is a significant barrier to AAV gene therapy and showed
that capsid modification and the mucolytic adjuvant NAC
enhanced AAV diffusion in sputum. In recent years, researchers
have made promising advances in overcoming various roadblocks
to AAV gene therapy, including engineering the AAV capsid to
increase lung transduction,* optimizing the viral genome to
enhance CFTR expression,® and minimizing immune response
to AAV? Our findings emphasize that CF sputum is another
roadblock to CF gene therapy, and we provide guidance on how
to overcome the sputum barrier to achieve improved clinical
outcomes.

MATERIALS AND METHODS

Production of AAV. Recombinant AAV was prepared by the Vector Core
at the University of Florida Powell Gene Therapy Center. AAV1, 2, and
5 were packaged with pTR-UF11 (single-stranded enhanced GFP (eGFP)
genome). For AAV1, the rep2, capl, and AdV early genes were contained
in the helper plasmid pKrap1A. For AAV2, the rep2, cap2, and AdV genes
were contained in the helper plasmid pDG-KanR. For AAVS5, the rep2,
cap5, and AdV genes were contained in the helper plasmid pXYZ5.

The mutant AAV2 studied in this paper had the arginine residues at
capsid positions 585 and 588 mutated to alanines. These mutations have
previously been shown to reduce heparin binding.'*** The virus packaged
pds-eGFP (double-stranded eGFP genome). The helper plasmids were
pXX6 (containing the AdV genes) and mutant pIM45 (containing rep2
and the mutant cap2).

AAV was produced as previously described.*® Briefly, the vectors
were produced via calcium phosphate-based cotransfection (for AAV1,
2, and 5) or triple transfection (for the AAV2 mutant) of plasmid into
HEK293 cells. The transfected cells were incubated for ~72 hours, then
harvested, and lysed by freeze/thaw. The resultant cell lysates were digested
with benzonase, centrifuged to remove cellular debris, and purified by
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iodixanol density step gradient centrifugation followed by ion exchange
chromatography. Buffer exchange and concentration were performed
using centrifugal concentrators into the final stock buffer (phosphate-
buffered saline (PBS)).

AAV produced by this technique is at least 99% pure, as determined
by polyacrylamide gel electrophoresis/silver stain.”” The iodixanol density
gradient centrifugation procedure separates full, genome-containing
capsids from both free capsid proteins and empty capsids.* This was
confirmed by comparing the capsid enzyme-linked immunosorbent
assay titer (PROGEN Biotechnik GmbH, Heidelberg, Germany), using
monoclonal antibodies that recognize only intact capsids, with the
genome titer measured by DNA dot blot.

Fluorescent labeling of AAV. For virus tracking, AAV was labeled with the
amine-reactive fluorescent dye Alexa Fluor 647 carboxylic acid, succinimi-
dyl ester (AF647; Life Technologies, Carlsbad, CA). The autofluorescence
of CF sputum is minimized at long-wavelength excitation, so using a deep
red fluorophore such as AF647 allowed us to more easily distinguish the
AAV particles. The labeling protocol was based on methods reported in
the AAV literature.* AF647 was reconstituted in dimethyl sulfoxide and
added, along with borate buffer (pH 8.3), to AAV. The final reaction vol-
ume was 150 ul and contained ~10'" virus particles, 15% (v/v) dimethyl
sulfoxide, 100 mmol/l borate buffer, and 100 pmol/l AF647. The reaction
was placed on a lab rotator at 4 °C in the dark. After 2 hours, unreacted dye
molecules were removed by buffer exchange into PBS using a standard sep-
aration technique, gel filtration chromatography,* whereby unreacted dye
was retained in the gel filtration media while labeled virus eluted from the
column. The gel filtration medium we used was Sephadex G-50 (illustra
ProbeQuant G-50 Micro Columns; GE Healthcare, Little Chalfont, UK).
Labeled virus was stored in 5-ul aliquots at —80 °C.

Quantitative real-time polymerase chain reaction. Titers of AAV and
AF647-labeled AAV were measured using quantitative real-time poly-
merase chain reaction on a MyiQ2 thermal cycler (Bio-Rad, Hercules, CA)
using SsoAdvanced SYBR Green Supermix (Bio-Rad). Primers against
the cytomegalovirus/chicken B actin promoter in the AAV genomes were
purchased from Eurofins MWG Operon (Huntsville, AL) with the follow-
ing sequences: forward primer, 5-TCCCATAGTAACGCCAATAGG-3’,
reverse primer, 5-CTTGGCATATGATACACTTGATG-3".* Equal num-
bers of viruses were then used to compare the infectivity of AAV2 and
AAV2-AF647 in cell culture.

Cell transduction experiments and flow cytometry. AAV transduction
experiments were conducted using a human bronchial epithelial cell line,
BEAS-2B. The cells were grown in DMEM/F12 (Life Technologies) sup-
plemented with 10% fetal bovine serum (Life Technologies) and antibiot-
ics (100 U/ml penicillin and 100 pg/ml streptomycin; Quality Biological,
Gaithersburg, MD). Cells were incubated at 37 °C in a 5% CO, atmo-
sphere. For the transduction experiments, cells were seeded at a density of
40,000 cells/well in 24-well plates. After seeding, cells were allowed to grow
for 24 hours before adding AAV.

For comparing the infectivity of AAV2 with AF647-labeled AAV2,
virus was added to the cells at a multiplicity of infection of 2 x 10° vgc/cell.
GFP expression was measured by flow cytometry 48 hours after adding
the virus.

We conducted heparin competition experiments to check the
relative heparin binding strengths of AAV2 and the AAV2 mutant. In
these studies, prior to the addition of virus, the regular medium was
replaced with medium into which had been dissolved heparin sodium
salt (from porcine intestinal mucosa; Sigma-Aldrich, St Louis, MO) at
concentrations of 10, 25, or 100 pg/ml. A multiplicity of infection of 10°
vgc/cell was used throughout, to achieve significant GFP expression for
all serotypes, including the AAV2 mutant, which generally has lower
transduction efficiency than wild-type AAV2 in vitro."* The medium was
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removed 3 hours after adding the virus and replaced with fresh medium
without heparin. GFP expression was measured by flow cytometry 48
hours after adding the virus.

To determine whether NAC affected AAV1 transduction, we
conducted experiments in which, immediately prior to adding virus, the
regular cell culture medium was replaced with medium containing NAC
at a concentration of 5 mmol/l. AAV1 was then added at a multiplicity
of infection of 2x10* vgc/cell. GFP expression was measured by flow
cytometry 48 hours after adding the virus.

Flow cytometry was conducted with an Accuri C6 flow cytometer
(BD Biosciences, San Jose, CA) using the 488-nm laser. GFP fluorescence
was detected in the FL1 channel with a 533/30-nm band-pass filter. For
each well on a 24-well plate, 10,000 cells were counted.

CF sputum sample collection. Expectorated sputum samples were col-
lected from patients at the adult CF clinics at Johns Hopkins (n = 23) and
the University of Alabama at Birmingham (n = 3). Samples from Hopkins
were stored at 4 °C and analyzed the day after collection. Samples from
Alabama were shipped overnight, on ice, to Hopkins and also analyzed
the day after sample collection. Samples were collected under written
informed consent, in accordance with Institutional Review Board approval
and following Declaration of Helsinki protocols.

Patients involved in this study received no mucolytics other than
Pulmozyme as part of their treatment regimen. Nineteen percent of
the patients received Pulmozyme between 2 and 6 hours prior to their
sputum sample collection, 50% of patients last received Pulmozyme the
day before sample collection or earlier, and 31% of patients were not
taking Pulmozyme.

Preparing PS-PEG and PS-PEG-AF647 nanoparticles. PEG-coated PS
particles (PS-PEG) were prepared as detailed previously."” Briefly, fluo-
rescent carboxylate-modified PS spheres (PS-COOH), 100 and 500 nm in
diameter, were purchased from Life Technologies or Bangs Laboratories
(Fishers, IN). To coat the PS-COOH particles with PEG, 5kDa methoxy-
PEG-amine (Creative PEGWorks, Winston-Salem, NC) was covalently
coupled to carboxyl groups on the PS-COOH particles using 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS; Sigma-Aldrich) in
borate buffer (pH 8.3). After reacting for 4 hours, the resulting PS-PEG
particles were centrifuged and washed in ultrapure water. Our lab recently
measured the surface density of PEG on PS-PEG particles prepared accord-
ing to this protocol to be 0.09 PEG/nm?, which suggests the PEG layer has
a dense brush conformation ideal for resisting protein adhesion.* We did
not use AAV-sized polymeric particles in this paper because commercially
available 20-nm PS-COOH particles are more challenging to PEGylate,
and they also have lower fluorescence intensity and consequently are more
difficult to track, compared with 100-nm or larger PS-COOH particles.
To prepare 100-nm PS-PEG particles labeled with AF647 (PS-PEG-
AF647), a modified version of this protocol was used. First, the carboxyl
groups on the PS-COOH particles were activated by reacting PS-COOH
particles, NHS, and EDC in 50 mmol/l MES bufter (pH 6.0) for 1 hour.
Next, the particles were centrifuged and resuspended in 100 mmol/l
borate buffer (pH 8.3), to which 5kDa carboxyl-PEG-amine (JenKem
Technology USA, Allen, TX) was added at a fivefold molar excess to the
number of carboxyl groups on the PS-COOH particles. This mixture
was allowed to react for 2 hours, to couple the amine groups on the PEG
with the activated carboxyl groups on the particles. Then, the particles
were centrifuged and resuspended in fresh borate buffer, to which was
added NHS, EDC, and Alexa Fluor 647 cadaverine, disodium salt (Life
Technologies). The dye was added at a 1:1 molar ratio to the number of
carboxyl groups on the PS-COOH particles (the maximum number of
PEG chains that could have attached). This mixture reacted overnight,
coupling the amine on the AF647-cadaverine with the carboxyl group on
the free end of the PEG chains. Finally, the PS-PEG-AF647 particles were
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centrifuged and washed in ultrapure water until the supernatant was free
of visible dye.

PS-COOH, PS-PEG, and PS-PEG-AF647 particles were stored at
4 °C. For particle-tracking experiments, the particles were diluted with
ultrapure water to concentrations ideal for tracking individual particles.

Particle size measurements. AAV and nanoparticle size were measured by
dynamic light scattering using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK), which uses a 633-nm laser and has a 173° scattering angle.
Measurements were conducted at 25 °C. AAV was suspended in PBS
(pH 7.4), while the nanoparticles were suspended in PBS diluted to have a
10 mmol/l NaCl concentration.

Scanning electron microscopy. Sputum was prepared for electron micros-
copy following an established protocol, as described previously.® Briefly,
sputum samples were fixed in 2% glutaraldehyde, postfixed in 1% OsO,,
and then stained with 2% uranyl acetate. The specimens were then dehy-
drated through a graded series of ethanol solutions, followed by immersion
in hexamethyldisilazane, and then desiccated under vacuum overnight.
The samples were attached to aluminum stub mounts, sputter coated
with 20-nm of AuPd, and imaged with a field-emission scanning electron
microscope (LEO 1530 FESEM; Zeiss, Jena, Germany).

Particle tracking: sample preparation and microscopy. Movement of
viruses and nanoparticles in sputum was measured by multiple particle
tracking. The sample preparation procedure was designed to minimize
manipulation of the sputum and maintain its microarchitecture. Sputum
aliquots (~30 pl each) were withdrawn from the sputum sample using a
Wiretrol (Drummond Scientific Company, Broomall, PA) and dispensed
into custom microscopy chambers. Aliquots were withdrawn from the
same approximate location in the sputum sample to minimize the effects
of intrasample heterogeneity.

To each sputum aliquot was added 0.5 pl of one serotype of AF647-
labeled AAV, plus polymeric nanoparticles as controls: 0.5 pl of green
fluorescent 500-nm PS-PEG particles, 0.5 pl of red fluorescent 100-nm
PS-PEG particles, or 0.5 pl each of the 100-nm and 500-nm PS-PEG
particles. Thus, in total, no more than 1.5 pul of virus and nanoparticle
suspensions were added to ~30 pl of sputum, so the sputum aliquots were
diluted 5% v/v or less. In our current and previously published work, we
found that dilutions of this magnitude did not alter the ability of sputum
to sterically and adhesively trap particles.'s*

After adding the particles, the sputum aliquots were gently stirred
with a pipette tip, and then the chambers were sealed with a coverslip to
prevent sample dehydration. After incubating the chambers for 1 hour,
they were imaged at room temperature using an inverted epifluorescence
microscope (Axio Observer; Zeiss) located on a vibration isolation table
and employing a x100/1.46 NA oil-immersion objective. Care was taken
to focus the objective at least 2 um away from the coverslip to minimize
edge effects. Movies of virus and nanoparticle motion in the sputum
samples were recorded at a frame rate of 15 Hz, for 150 or 300 frames,
using an EM-CCD camera (Evolve 512; Photometrics, Tuscon, AZ). For
each sputum sample, 5-10 movies of each virus serotype or nanoparticle
type were collected.

To determine the effect of the mucolytic drug NAC on AAV transport
in CF sputum, a solution of NAC (neutralized to a pH of 7) was mixed
into sputum to a final concentration of 5 mmol/l. For the untreated
control, a comparable volume of PBS was added to sputum. NAC-treated
and control samples were then incubated at 37 °C for 30 minutes. AAV1-
AF647 was then added to the samples in custom microscopy chambers,
the slides were incubated for 1 hour at 37 °C, and imaging was performed
using the procedure above. In this experiment, the sputum samples were
again diluted 5% (v/v) or less. Finally, to determine the effect of AF647
labeling on particle transport, we prepared sputum aliquots with 100-nm
PS-PEG, 100-nm PS-PEG-AF647, and 100-nm PS-COOH particles.

1492

© The American Society of Gene & Cell Therapy

Particle-tracking analysis. Movies were analyzed using automated parti-
cle-tracking software custom-written in MATLAB (MathWorks, Natick,
MA), based on the algorithm of Crocker and Grier,”! to determine the
x and y positions of particles over time. Images were first processed by
convolving them with a spatial bandpass filter to reduce noise and non-
uniform background. Local maxima of pixel intensity were identified as
candidate particle positions. These positions were refined by calculating
the intensity-weighted centroid of the bright spots, to yield subpixel resolu-
tion. By examining particle brightness, size, and eccentricity, true particles
were retained and spurious ones (noise) discarded. Trajectories were con-
structed by linking particle positions identified in subsequent frames via
a nearest neighbor method. Trajectories shorter than 1 second were dis-
carded. The time-averaged mean squared displacement (MSD) of each tra-
jectory was calculated as MSD(7) = ([x(t + 7) — x(1)] + {[y(t + 7) — ()]},
where 7is the time scale and the angled brackets denote the average over
many starting times f. Scanning electron microscopy (Supplementary
Figure S1) suggests that sputum is isotropic, so the two-dimensional MSD
measured here equals two-thirds of the three-dimensional MSD.

Tracking resolution was estimated based on a published method.*
First, the signal-to-noise ratio was calculated from the experimental
movies (particle-tracking movies of AAV and nanoparticles in sputum).
These were compared with a standard curve of static error as a function
of signal-to-noise ratio, to estimate the static error in the experimental
movies. The standard curve was generated by affixing particles to a glass
slide and tracking them under different illumination intensities; the
apparent motion of these fixed particles is due to static error. For 100-
nm PS-PEG particles in sputum, the tracking resolution was ~25nm.
For AAV, the tracking resolution was ~75nm, since the viruses are dim
and their positions cannot be estimated as accurately. The MSDs of fast
particles and viruses—those of greatest clinical interest, because they are
most likely to penetrate CF sputum—are well above the noise floor at a
time scale of 1 second.

Statistical analysis. Student’s t-tests and analysis of variance were con-
ducted in MATLAB (MathWorks). Linear mixed-effects models were con-
structed using the Ime4 package in the statistical language R to examine
the relationship between AAV2 capsid and MSD (at a time scale of 1 sec-
ond) in sputum. In these models, MSD was the dependent variable, and
AAV?2 capsid (mutated or wild-type) was set as a fixed effect. The random
effects were patient sample number, as well as by-patient random slopes for
the effect of AAV capsid. Residual plots did not show major deviations from
homoscedasticity or normality. The p value was calculated by a likelihood
ratio test of the full model, which includes AAV capsid type, against the
null model, which excludes AAV capsid type. Linear mixed-effects models
were also used to compare the extent of intra- and intersample variability;
here, MSD of 100-nm PS-PEG particles was the dependent variable and
both patient and sputum aliquot numbers were set as random effects.

SUPPLEMENTARY MATERIAL

Figure S1. Scanning electron micrograph of CF sputum.
Figure S2. Transport of polymeric nanoparticles in CF sputum.
Figure $3. Diffusion of AAV in water.

Figure S$4. Intra- and intersputum sample heterogeneity.
Figure S5. Heparin-binding assay.
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