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Readministration of recombinant adeno-associated virus
(rAAV) may be necessary to treat cystic fibrosis (CF) lung
disease using gene therapy. However, little is known about
rAAV-mediated immune responses in the lung. Here, we
demonstrate the suitability of the ferret for testing AAV2.5T-
mediated CFTR delivery to the lung and characterization
of neutralizing-antibody (NAb) responses. AAV2.5T-SP183-
hCFTRDR efficiently transduced both human and ferret airway
epithelial cultures and complemented CFTR Cl– currents in CF
airway cultures. Delivery of AAV2.5T-hCFTRDR to neonatal
and juvenile ferret lungs produced hCFTR mRNA at 200%–
300% greater levels than endogenous fCFTR. Single-dose
(AAV2.5T-SP183-gLuc) or repeat dosing (AAV2.5T-SP183-
fCFTRDR followed by AAV2.5T-SP183-gLuc) of AAV2.5T
was performed in neonatal and juvenile ferrets. Repeat dosing
significantly reduced transgene expression (11-fold) and
increased bronchoalveolar lavage fluid (BALF) NAbs only in ju-
venile, but not neonatal, ferrets, despite near-equivalent
plasma NAb responses in both age groups. Notably, both age
groups demonstrated a reduction in BALF anti-capsid binding
immunoglobulin (Ig) G, IgM, and IgA antibodies after repeat
dosing. Unique to juvenile ferrets was a suppression of plasma
anti-capsid-binding IgM after the second vector administra-
tion. Thus, age-dependent immune systemmaturation and iso-
type switching may affect the development of high-affinity lung
NAbs after repeat dosing of AAV2.5T and may provide a path
to blunt AAV-neutralizing responses in the lung.
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INTRODUCTION
Cystic fibrosis (CF) is an autosomal recessive disease caused by mu-
tations in the single gene encoding the cystic fibrosis transmembrane
conductance regulator (CFTR). CFTR is expressed in the apical mem-
brane of certain airway epithelial cells where it functions as an anion
channel to conduct chloride and bicarbonate across the epithelium.
Although CF affects the epithelium in a number of organ systems,
airway disease from chronic bacterial infections and inflammation
in the lung is the major cause of morbidity and mortality in patients
with CF.
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More than 70,000 people are living with CF worldwide according to
the Cystic Fibrosis Foundation patient registry. Approximately
2,000 variants in the CFTR gene have been identified, with disease-
causing CFTR mutations classified into six categories that affect pro-
tein synthesis, protein maturation, channel gating, channel conduc-
tance, quantity of protein synthesized, and stability of the protein.1

The discovery of CFTR modulators, targeting mutant CFTR proteins
with gating (class III), trafficking (class II), or conductance (class IV)
defects, have shown tremendous promise for most patients with
CF.2,3 The recent U.S. Food and Drug Administration (FDA)-
approved Trikafta therapy (a triple combination of elexacaftor, iva-
caftor, and tezacaftor) is now treating the CF patients 12 years and
older who have at least one copy of DF508 mutation (class II), repre-
senting 90% of the CF population. Despite those successes, there re-
mains an unmet need for CF patients who do not respond to CFTR
modulators and/or have mutations that produce no or too-little
CFTR protein (the class I, V, and VI mutations). A mutation-agnostic
gene therapy has the potential to treat these subsets of CF patients
who have no therapeutic options.

Adeno-associated virus (AAV) is a nonpathogenic parvovirus that re-
quires a helper virus for permissive infection. Recombinant AAV
(rAAV) has proven to be a powerful therapeutic platform for gene
therapy to treat inherited and metabolic diseases, including inherited
retinal blindness,4 muscular dystrophies,5 and hemophilia.6 Although
the previous clinical trials for CF lung disease that used rAAV2 to
deliver CFTR failed to demonstrate expression of vector-derived
CFTR mRNA in CF lungs, a favorable safety profile of this vector
was well documented.7–9 Subsequent studies on rAAV-transduction
biology in human airway epithelia revealed several biologic reasons
for the lack of clinical efficacy, including a low-vector tropism for
the apical membrane10–12 and the weak promoter used for CFTR
expression,13,14 the latter of which was limited by the packaging
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capacity of rAAV. Furthermore, many rAAV serotypes encounter a
post-entry block in nuclear import after apical transduction of polar-
ized airway epithelium both in vitro11–13,15 and in vivo.16 This
rate-limiting step for effective rAAV-mediated transgene expression
involves inefficient escape from the endosomal compartment10,11,17

and inefficient ubiquitination of the capsid,12 two events that are
required for transport of the AAV virion into the nucleus. Impor-
tantly, these events that limit transduction can be overcome by tran-
sient application of proteasome inhibitors during or after the trans-
duction period.11,12,15,18

In an effort to develop improved rAAV vectors for CF lung gene ther-
apy, a new human airway tropic AAV capsid (AAV2.5T) was isolated
through directed evolution of a library of AAV2 and AAV5 hybrid
capsids after multiple rounds of apical transduction in human airway
epithelium (HAE) cultured at an air-liquid interface (ALI).19 rAAV
packaging limitations for CFTR delivery were also overcome with a
short but strong 183-bp synthetic promoter and enhancer combination
(F5tg83)14 and incorporation of a CFTR minigene (CFTRDR) with a
156-bp deletion in the regulatory (R) domain.20 Similar to full-length
CFTR, the CFTRDR transgene produces CFTR-mediated Cl– currents
and rescues the intestinal phenotype in CFTR-knockout mice.21 With
these modifications, a new rAAV vector (AAV2.5T-SP183-CFTRDR)
was generated through the packaging of the AAV2.F5t83-CFTRDR
genome into the AAV2.5T capsid. Although the AAV2.5T capsid is
effective at apically transducing HAE cultures,19 there has been no pre-
clinical animal model for testing the efficacy of this vector system. In
preclinical studies with a CF pig model, the AAV2.5T capsid was inef-
fective and required the directed evolution of a porcine tropic
AAVH22 vector system that efficiently transduced the pig airways.22

AAVH22 also demonstrates species specificity and is inefficient in
transducing HAE from the apical surface.

The most-abundant cell types accessible to a CFTR gene-transfer
vector on the airway surfaces are terminally differentiated ciliated
cells and secretory cells. Although the lifespan of these cell types in
the human airway and other non-rodent models remains undefined,
cellular turnover is expected and repeat dosing of a rAAV vector will
likely be needed for gene-replacement therapy in CF. However,
studies using rAAV vectors have raised concerns over the immunoge-
nicity of AAV capsid in patients and in preclinical animal models,
especially when the vector is systemically administered or subjects
are repeatedly dosed. Such studies have shown that neutralizing anti-
bodies (NAbs), even at relatively low titers, can block gene transfer
when rAAV is delivered through the vasculature.23,24 Currently, little
is known about rAAV-mediated immune responses in the lung of hu-
mans and CF animal models that are capable of testing the efficacy of
CFTR gene replacement.

CFTR-knockout and CFTR-G551D CF ferrets25,26 closely reproduce
the human CF-disease phenotypes in the lung,27–30 pancreas,30–33

gallbladder,32 liver,32 and intestine,32 and thus, the ferret may be a
suitable species for preclinical studies with rAAV2.5T. In this study,
we sought to evaluate the suitability of the ferret as a model for testing
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rAAV2.5T and humoral responses that could limit the efficacy of
repeated dosing. To that end, we first compared the efficiencies of
rAAV2.5T-mediated gene transfer to polarized human and ferret
airway epithelial ALI cultures using AAV2.5T-SP183-gLuc (Gaussia
luciferase reporter) and AAV2.5T-SP183-hCFTRDR (hCFTRDR
denotes the human CFTR minigene) vectors. Subsequently, we
evaluated AAV2.5T-SP183-hCFTRDR transduction of hCFTR after
intratracheal delivery to neonatal and juvenile ferret lungs. Lastly,
we characterized the NAb responses and capsid-binding antibody iso-
types in the bronchoalveolar lavage fluid (BALF) and plasma that
were elicited by the AAV2.5T capsid and their effects on transgene
expression in the lung after single and repeat dosing to neonatal
and juvenile ferret lungs.

RESULTS
The Ferret Is a Suitable Preclinical Species for Evaluation of

AAV2.5T Gene Therapy to the Lung

To evaluate whether the AAV2.5T capsid variant19 was capable of
delivering functional CFTR to the CF airway, we tested the ability
of AAV2.5T-SP183-hCFTRDR to correct CFTR-mediated Cl– cur-
rent in human CF ALI cultures after apical transduction. Because
rAAV1 had been previously shown to be one of the best-performing
serotypes for apically transduction of human ALI cultures,15 we also
pseudopackaged the same AAV2-F5tg83-hCFTRDR viral genome
into the AAV1 capsid and performed a comparative analysis with
AAV2.5T capsid. This comparison demonstrated that apical trans-
duction with AAV2.5T-SP183-hCFTRDR gave rise to slightly higher
levels of CFTR-mediated Cl– current (Figure 1A) and significantly
higher levels of hCFTR mRNA (Figure 1B) than did the
AAV1.SP183-hCFTRDR (the rAAV1 vector harboring the same
genome).

To evaluate whether the rAAV2.5T was also capable of transducing
ferret airway epithelium, we first performed in vitro transduction as-
says in well-differentiated tracheobronchial ALI cultures derived
from humans and ferrets with a vector harboring a secreted Gaussia
luciferase (gLuc) reporter, AAV2.5T-SP183-gLuc (Figure 1C). Apical
transduction of these cultures with AAV2.5T-SP183-gLuc demon-
strated no significant difference in the levels of gLuc transgene expres-
sion between the two species. To confirm the tropism of rAAV2.5T
for ferret lungs in vivo, we evaluated the transduction efficiency of
AAV2.5T-SP183-hCFTRDR in neonatal and juvenile ferret after in-
tratracheal delivery. In these studies, expression of the transgene-
derived hCFTRDR mRNA was referenced to the endogenous ferret
CFTR (fCFTR) mRNA as an index (i.e., the ratio of hCFTRDR to
fCFTR mRNA copies) for the efficiency of transduction. Using this
metric, hCFTRDR mRNA expression in the lungs was 2- to 3-fold
greater than was the endogenous fCFTR mRNA in both neonates
and juvenile ferrets (Figure 1D). By contrast, tracheal expression of
hCFTRDR mRNA was less than that of the endogenous fCFTR
mRNA in neonates and near equivalent in juvenile animals. The
low neonatal, as compared with juvenile, transduction of the trachea
with rAAV2.5T was potentially due to the different intratracheal de-
livery method. Given the small size of the neonatal kits, a surgical
rapy: Methods & Clinical Development Vol. 19 December 2020 187
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Figure 1. In Vitro and In Vivo Comparison of rAAV

Vector Performance

(A) CF (F508del/F508del) human polarized ALI airway cul-

tures were transduced apically with AAV1-SP183-

hCFTRDR or AAV2.5T-SP183-hCFTRDR at a multiplicity of

infection (MOI) of 100,000 DRP/cell in the presence of

doxorubicin and N-acetyl-L-leucyl-L-leucyl-L-norleucinal

(LLnL). Short-circuit current (Isc) measurements were then

performed in a Ussing chamber at 12 days after trans-

duction. Shown is the DIsc response to forskolin(FSK)/

IBMX and GlyH101 (CFTR inhibitor). Data show the

means ± SD for n = 4 transwells from two donors. Non-

transduced ALI cultures treated with doxorubicin and LLnL

(mock) served as baseline controls (n = 4 from two donors).

(B) CF (F508del/F508del) ALI cultures were transduced

apically as in (A) and harvested at 7 days after transduction.

Transwell inserts were used to quantify the vector-derived

hCFTRDR mRNA copies by quantitative reverse tran-

scriptase PCR (qRT-PCR), and normalized to human

GAPDH mRNA copies. Values were then expressed as a

ratio of hCFTRDR to GAPDH. Data show means ± SD for

n = 5 transwells in each group. (C) Human and ferret

polarized tracheobronchial epithelia at ALI were transduced

apically with AAV2.5T-SP183-gLuc at a MOI of 10,000

DNase-I-resistant particles (DRP)/cell in the presence of

doxorubicin. Gaussia luciferase activity was measured at

14 days after transduction as relative luminescence units

(RLUs). Data show themeans ±SD for n = 6 transwells from two donors of each species. (D) Three-day-old ferrets or 1-month-old ferrets were intratracheally transduced with

AAV2.5T-SP183-hCFTRDR mixed with doxorubicin (4 � 1013 DRP/kg body weight). The mock-transduced group was inoculated with PBS and doxorubicin without the

vector. The tracheae and lungs were then harvested at 11 days after transduction for quantification of vector-derived hCFTRDR and endogenous fCFTR mRNA copies by

qRT-PCR with GAPDH mRNA copy number normalization. The data represent the ratio (hCFTRDR/fCFTR) of mRNA copies of hCFTRDR and fCFTRDR. The dotted line

represents 100% endogenous fCFTR expression levels. Data show the means ± SD for n = 3 animals in each group. Statistical analysis used one-way ANOVA followed by

Tukey’s post test in (A) and by two-tailed Student’s t test in (B) and (C). **p < 0.01; ns, not significantly different.
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approach was required to instill the virus into the middle of the tra-
chea. By contrast, juvenile ferrets received virus through a laryngo-
scope-guided microsprayer in the proximal end of the trachea.
Thus, the vector exposure to the trachea in the two age groups was
likely different. Overall, these in vitro and in vivo studies suggest
that the ferret is a suitable species to study immunologic responses
in the lung to rAAV2.5T transduction.

Previous Exposure of rAAV2.5T Virus to Lungs of Juvenile, but

Not Neonatal, Ferrets Impairs Transduction of a Second Vector

Administration

We used two rAAV vectors (AAV2.5T-SP183-fCFTRDR and
AAV2.5T-SP183-gLuc) to evaluate the feasibility of repeat dosing of
rAAV2.5T to the ferret lung. AAV2.5T-SP183-fCFTRDR was chosen
for the first viral transduction because that vector should not mount
an immune response to the transgene (fCFTRDR denotes the ferret
CFTR minigene). For the second viral transduction, we wanted a
robust reporter that would allow for temporal and quantitative anal-
ysis of transgene expression and thus chose a secreted gLuc reporter
vector (AAV2.5T-SP183-gLuc). gLuc has been previously used to
study plasmid-mediated gene transfer in the lungs of sheep.34 The fer-
rets in the single-dose group were transduced with only the
AAV2.5T-SP183-gLuc vector, and those of the repeat-dose group
were transduced first with AAV2.5T-SP183-fCFTRDR and then
188 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
with AAV2.5T-SP183-gLuc. We first evaluated the repeat dosing in
younger animals (Figure 2). We initiated these studies in neonatal fer-
rets, delivering AAV2.5T-SP183-fCFTRDR virus to the repeat-dose
group at 1 week of age and then, three weeks later, delivering
AAV2.5T-SP183-gLuc virus to both the repeat-dose and single-
dose groups (Figure 2A). Luciferase activity was monitored in blood
samples during the 14 day period after transduction with AAV2.5T-
SP183-gLuc and in BALF at the termination of the experiment. This
study demonstrated that gLuc activity in plasma peaked by 5 days af-
ter transduction and remained stable to 14 days in both dosing groups
(Figure 2B). There was also no significant difference in the level of
plasma gLuc activity between the two dosing groups. Similarly,
gLuc activity in the BALF at 14 days after transduction was also not
significantly different between the two dosing groups (Figure 2C).
In both the plasma and BALF, gLuc activity was significantly above
the background levels of naive (non-transduced) controls (Figures
2B and 2C).

This study in neonatal ferrets demonstrated it was feasible to read-
minister AAV2.5T without a significant decline in transduction to
the lung; however, the possibility remained that an underdeveloped
immune system in neonatal ferrets could produce a tolerized immu-
nologic state against the AAV capsid. For these reasons, we repeated
experiments in juvenile ferrets by initiating the first delivery of
ber 2020



Figure 2. Repeat Dosing of AAV2.5T in Neonatal Ferrets

(A) Study design involving three groups of neonatal ferrets receiving 0, 1, or 2 doses of virus at 1 � 1013 DRP/kg via intra-tracheal administration. The ferrets receiving one

dose were administered the reporter vector AAV2.5T-SP183-gLuc at 4 weeks old, whereas the ferrets receiving two doses were administered AAV2.5T-SP183-fCFTRDR at

1 week old and AAV2.5T-SP183-gLuc at 4 weeks old. Plasma or BALF samples were collected at the indicated ages. (B) Gaussia luciferase activity in the plasma at the

indicated time points after delivery of AAV2.5T-SP183-gLuc. (C) Gaussia luciferase activity in BALF at 14 days after delivery of AAV2.5T-SP183-gLuc. Results show the

means ± SD for n = 6 animals per group. The statistical significance was analyzed with one-way ANOVA, followed by Tukey’s multiple comparisons test on log2-transformed

data. ****p < 0.0001; ns, not significant.
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AAV2.5T-SP183-fCFTRDR in the repeat-dose group at 1 month of
age, which approximately represents a 1- to 2-year-old toddler,33 after
which the gLuc reporter vector (AAV2.5T-SP183-gLuc) was delivered
to both the single-dose and repeat-dose groups 4 weeks later (Fig-
ure 3A). Findings from this second study demonstrated maximal
plasma gLuc activity at 5 days after transduction in both groups; how-
ever, the repeat-dose group had lower (15-fold to 34-fold) plasma
gLuc activity at all time points tested. In contrast to the stable plasma
gLuc expression in single- and repeat-dose neonatal groups (Fig-
ure 2B), we observed a gradual decline in plasma gLuc activity in
both juvenile groups, with a steeper trend in the repeat-dose animals
(Figure 3B). Similarly, BALF gLuc activity was also significantly lower
(11-fold) in the repeat-dose juvenile group (Figure 3C). Cumulatively,
these studies suggested the potential for NAb responses against the
AAV capsid in juvenile, but not neonatal, ferrets.

Repeat Dosing of rAAV2.5T Elicits a Greater NAb Response in

BALF and Plasma

Given the reduced efficiency of rAAV2.5T transduction in the lungs
of juvenile ferrets previously exposed to this virus, we sought to eval-
uate the NAbs in BALF and plasma of test animals. The titers of anti-
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AAV2.5T NAbs were determined as the half-maximal inhibitory
concentration (IC50) for inhibition of AAV2.5T-SP183-fLuc trans-
duction of A594 cells, a human airway cell line. Consistent with
similar levels of transgene expression in single- and repeat-dosed
neonatal ferrets, NAb titers in BALF were not significantly different
between the two dosing conditions (Figure 4A). By contrast, NAb ti-
ters in the BALF of juvenile ferrets were significantly higher in the
repeat-dose, as compared with the single-dose, group (Figure 4B).
Furthermore, the absolute titers of NAbs in experiments with older
animals of both single and repeat dose groups were 3-fold to 5-fold
greater than those of the neonatal test groups, suggestive of a more
fully developed immune response in the older ferrets.

Similar analyses on the plasma samples demonstrated no pre-existing
NAbs in the control naive group (Figures 4C and 4D) and the test
groups before rAAV2.5T transduction (data not shown). In both
age groups, single- and repeat-dose animals demonstrated gradual
time-dependent increases in plasma NAb titers after transduction,
and repeat-dose juvenile ferrets produced slightly higher plasma
NAb titers (2-fold to 2.8-fold) than produced in neonatal ferrets. Ju-
venile ferrets also produced NAbs more rapidly in the plasma of the
rapy: Methods & Clinical Development Vol. 19 December 2020 189
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Figure 3. Repeat Dosing of AAV2.5T in Juvenile Ferrets

(A) Study design involving three groups of juvenile ferrets receiving 0, 1, or 2 doses of virus at 1� 1013 DRP/kg via intra-tracheal administration. The ferrets receiving one dose

were administered the reporter vector AAV2.5T-SP183-gLuc at 8 weeks old, whereas the ferrets receiving two doses were administered AAV2.5T-SP183-fCFTRDR at

4 weeks old and AAV2.5T-SP183-gLuc at 8 weeks old. Plasma or BALF samples were collected at the indicated ages. (B) Gaussia luciferase activity in the plasma at the

indicated time points after delivery of AAV2.5T-SP183-gLuc. (C) Gaussia luciferase activity in BALF at 14 days after delivery of AAV2.5T-SP183-gLuc. Results show the

means ± SD for n = 9–10 animals per group. The statistical significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test on log2-transformed

data. **p < 0.01, ****p < 0.0001.
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single-dose group with an appearance at 5 days after transduction as
compared with 10 days for neonatal ferrets. The level of plasma NAbs
in the repeat-dose group was also significantly greater than that of
single-dose group for both ages, with the exception of the 14-day
post-transduction time point in the juvenile ferrets.

Development of an ELISA-Based Assay for Quantifying Anti-

AAV2.5T Capsid Antibody Isotypes

AAV2.5T capsid was evolved from an AAV2/AAV5 capsid-shuffled
library. VP2 and the most abundant VP3 capsid proteins of
AAV2.5T are derived from AAV5 with a single A581T mutation in
VP1. VP1 of AAV2.5T is a hybrid of AAV2 and AAV5 capsids
with the N-terminal unique sequence (VP1u) from the 1–128 aa of
the AAV2 VP1, followed by the 129–725 aa of AAV5 capsid
harboring the A581T mutation. The VP1u of AAV harbors a phos-
pholipase A2 (PLA2) catalytic domain that is thought to be crucial
to virion escape from the endosome.35,36 The AAV2-derived VP1u re-
sides inside the intact virion, and thus, all surface-exposed fragment
of capsids are AAV5 derived, with the exception of the A581T muta-
tion. Thus, antibodies that bind to the intact virion of AAV2.5T
would also be expected to bind to AAV5 virions. To evaluate
190 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
AAV2.5T-capsid-specific immunoglobulins (Igs) in the plasma and
BALF (IgG, IgM, and IgA) of rAAV2.5T-transduced ferrets, an ELISA
assay with AAV viral particles as the coating antigen was developed.
To validate the method, we used plasma collected from a ferret for
which rAAV2.5T was delivered to the lung four times at 1–2-month
intervals. Using rAAV5 as the coating antigen, differential IgG bind-
ing between naive and AAV2.5T-immune plasma was seen starting at
a 1:50 dilution, and by a 1:1250 dilution, binding of naive plasma was
absent, whereas the AAV2.5T-immune plasma-antibody binding re-
mained high (Figure 5A). By contrast, when rAAV2 was used as the
coating antigens, there was no difference in plasma IgG binding be-
tween the immune plasma and the naive plasma at all dilutions and
the sensitivity of detecting IgG was much less than that for rAAV5
(Figure 5B). We also compared rAAV5 and rAAV2.5 as the coating
antigen for IgG and IgA antibody binding in the ELISA assay with
samples of plasma and BALF from rAAV2.5T single- and repeat-
dosed ferrets. Across all groups, antibody-binding optical density
450 (OD450) values for rAAV5 were similar or greater than that for
rAAV2.5T as the coating antigen, and a similar trend of immunore-
action was observed for both serotypes among the single- and repeat-
dose samples (Figure 5C). For those reasons, we chose to use rAAV5
ber 2020



Figure 4. Titers of AAV2.5T Neutralizing Antibodies in the BALF and Plasma of Transduced Ferrets

(A–D) Neonatal and juvenile ferret samples, collected as outlined in Figures 2A and 3A, respectively, were evaluated or NAbs in the BALF (A and B) and plasma (C and D) using

a transduction-inhibition assay. Serial dilutions of BALF or plasma were incubated with AAV2.5T-fLuc before transduction of A549 cells. The titer of NAbs was calculated as

the concentration of BALF or plasma (dilution ratio) that resulted in 50% inhibition (half-maximal inhibitory concentration [IC50]) of transduction as assessed by firefly luciferase

activity. AAV2.5T-fLuc-only transduced cells served as the baseline control, and mock-transduced cells served as a blank. The IC50 was calculated with Prism software;

when there was no clear dose response, a value of zero was returned (those instances are marked as non-calculatable [NC]). Results show themeans ± SD for n = 6 neonatal

animals per group and n = 9–10 juvenile animals per group. Before statistical analysis, the data was log2(Y + 1) transformed, setting NC values equal to 1. The statistical

significance was then analyzed with one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.
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as the coating antigen for the classification of anti-AAV2.5T capsid-
antibody isotypes in the BALF and plasma of test animals.

We next used that ELISA method for classification of anti-capsid
antibody isotypes (IgG, IgM, and IgA) in the BALF and plasma of
test animals (Figures 6 and 7). In general, neonatal and juvenile ferrets
elicited similar AAV5-reactive IgG responses in the plasma of both
single- and repeat-dosing groups, but titers were higher after repeat
transduction (Figures 6A and 6D). By contrast, plasma AAV5-reac-
tive IgM (Figures 6B and 6E) and IgA (Figures 6C and 6F) responses
demonstrated differences from that of IgG with respect to the age of
the animal and the dosing regimen. For example, capsid-binding
plasma IgM levels were suppressed only in juvenile animals of the
repeat-dose group (Figures 6B and 6E), whereas capsid-binding
Molecular The
plasma IgA levels were suppressed in both age groups after repeat
dosing. Furthermore, neonatal animals initially mounted a large
anti-capsid IgA response after the second viral exposure, which
subsided with time, whereas juvenile animals lacked that response
(Figures 6C and 6F). These findings suggest that age-dependent dif-
ferences in antibody-isotype switching may be affected by prior expo-
sure to rAAV2.5T. Contrary to expectations, the AAV5-reactive IgG,
IgM, and IgA in the BALF were significantly greater in the single-dose
group, as compared with the repeat-dose group, for both neonatal and
juvenile animals (Figure 7). Furthermore, the absolute level of capsid-
binding IgG, IgM, and IgA was generally similar between both age
groups and dosing conditions, despite higher levels of NAbs in the
BALF of juvenile animals that were exposed twice to the virus (Figures
4A and 4B).
rapy: Methods & Clinical Development Vol. 19 December 2020 191
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Figure 5. Development of an ELISA-Based Assay for

Quantifying Anti-capsid Antibody Isotypes

(A and B) Immune plasma was generated from a ferret

transduced with AAV2.5T to the lung four times at 1- to

2-month intervals, starting at 1 month of age. The naive

plasma was derived from a ferret of similar age. ELISA plates

were coated with (A) AAV5 or (B) AAV2 and then evaluated

for binding of immune and naive ferret plasma. The sec-

ondary detection antibody was against ferret IgG. Results

show themeans ± range for two technical replicates on each

sample. (C) rAAV5 and rAAV2.5T were compared as the

coating antigen for detection of anti-AAV2.5T IgG antibodies

from the plasma and anti-AAV2.5T IgA antibodies in the

BALF of single- and repeat-dose ferrets studied in Figure 4.

Repeat-dose groups had n = 10 samples and single-dose

groups had n = 7 samples tested. The secondary-detection

antibodies were against ferret IgG (plasma) or IgA (BALF).

Results show the means ± SD.
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Figure 6. Quantification of IgG, IgM, and IgA Capsid-Binding Antibodies in the Plasma of AAV2.5T Transduced Ferrets

(A–F) Quantification of capsid-binding antibodies in the plasma of neonatal (A–C) and juvenile (D–F) ferrets for IgG (A and D), IgM (B and E), and IgA (C and F). Results show the

means ± SD for n = 6 neonatal animals per group and n = 9–10 juvenile animals per group. The statistical significance was analyzed with one-way ANOVA followed by Tukey’s

multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Unlabeled comparisons between single- and repeat-dose groups were not significantly

different.
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Figure 7. Quantification of IgG, IgM, and IgA Capsid-Binding Antibodies in the BALF of AAV2.5T-Transduced Ferrets

(A–F) Quantification of capsid-binding antibodies in the BALF of neonatal (A–C) and juvenile (D–F) ferrets for IgG (A and D), IgM (B and E), and IgA (C and F). Results show the

means ± SD for n = 6 neonatal animals per group and n = 9–10 juvenile animals per group. The statistical significance was analyzed with one-way ANOVA followed by Tukey’s

multiple comparisons test. *p < 0.05, ****p < 0.0001.

Molecular Therapy: Methods & Clinical Development
Biodistribution of rAAV2.5T after Lung Delivery

The magnitude of an immune response against rAAV2.5T after lung
delivery could be affected by escape of the virus into the blood and
uptake by peripheral organs. Additionally, because a gLuc reporter
was used in our studies, there was a formal possibility that other pe-
ripheral organs were transduced and contributed to transgene detec-
tion in the blood. To that end, we delivered a non-secreted firefly
194 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
luciferase (fLuc) AAV2.5T-SP183-fLuc vector to the lungs of
1-month-old ferrets and assessed the distribution of viral genomes
and the level of transgene expression in 10 peripheral organs. Analysis
of the vector shedding into the blood demonstrated a significant peak
at 4 h after delivery, which declined to background levels by 5 days
after delivery (Figure S1A). At 14 days after vector delivery,
the only peripheral organs that had vector genomes that were
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significantly greater than the background signal observed in naive
controls were the lung and trachea (92 copies per 100 ng of genomic
DNA) and liver (14 copies per 100 ng of genomic DNA) (Figure S1B).
In contrast to vector genome accumulation, only the lung and trachea
cassette expressed fLuc significantly greater than the background
signal observed in naive control samples (Figure S1C). Additionally,
fLuc activity in the shorter-term blood sample (Figure S1A) was
not greater than that of the naive control background levels (data
not shown). These studies demonstrate that transgene expression af-
ter lung delivery of rAAV2.5T is limited to the lung. However,
rAAV2.5T does shed into the blood and is taken up by the liver.

DISCUSSION
Pre-existing37 and recall-response38 humoral immunity to AAV cap-
sids are potential barriers for rAAV-mediated gene therapy, especially
for re-administration of the same rAAV vector39,40 or systemic
administration.41,42 Characterization of these immune-surveillance
mechanisms will provide the basis for developing safe and effective
gene therapies. We have developed CF ferret models28,30 and an
efficient rAAV-based vector to deliver the CFTR gene to polarized
human and ferret airway epithelial cultures in vitro, as well as ferret
lungs in vivo. The co-development of an animal model with an effec-
tive vector system that performs well in both the test species and
primary HAE provides a powerful preclinical approach toward devel-
oping gene therapies for CF lung disease. The main purpose of this
study was to evaluate whether the ferret was an appropriate species
to study humoral immune responses to rAAV2.5T and the feasibility
of repeat administration.

Our studies demonstrated that rAAV2.5T is equally tropic for human
and ferret polarized airway epithelium in vitro and also capable of
complementing CFTR-mediated currents in CF airway epithelia (Fig-
ures 1A–1C). As predicted from these in vitro studies, rAAV2.5T was
also tropic for neonatal and juvenile ferret lungs in vivo (Figure 1D).
rAAV2.5T-mediated intralobar expression of human CFTRDR
mRNA appears to be within a therapeutic range at 2- to 3-fold greater
than endogenous-level ferret CFTR. These findings supported dissec-
tion of the humoral immune response to rAAV2.5T after single and
repeat dosing and how this affects the efficacy of transduction.

The transduction efficiency of rAAV2.5T in the lung of neonatal fer-
rets was not significantly affected by prior expose to the virus (Fig-
ure 2), despite the existence of NAbs in the BALF and plasma before
the second virus exposure (Figures 4A and 4C). This was not the case
for juvenile ferrets, where a significant 11-fold reduction in transgene
expression was observed in the BALF of the repeat-dose group (Fig-
ure 3). Despite that reduction in transduction efficiency, transgene
expression still remained 170-fold greater than background levels
(Figure 3C). Given the more-rapid NAb response in the plasma for
juvenile animals, we hypothesized that a less-mature mucosal im-
mune system in neonatal ferrets facilitated the greater transduction
efficacy after repeat dosing. Consistent with that hypothesis, flu vac-
cines are also less effective in generating a protective mucosal immune
response in toddlers younger than 2 years,43,44 and two doses of flu
Molecular The
vaccine are recommended for the protection of children younger
than 8 years.44,45 Notably, however, the IC50 for the NAb response
in the BALF was only marginally greater in the juvenile, as compared
with the neonatal, group (2.8-fold for single-dose; 4.1-fold for repeat-
dose groups; Figures 4A and 4B). For these reasons, we hypothesized
that juvenile ferrets generate a more-effective local NAb response
caused by isotype switching and memory B cells that expand Ig-pro-
ducing plasma cells in the lung with greater efficacy for neutralization
of viral transduction. However, it was not possible test the effective-
ness of specific antibody isotypes for virus neutralizing, and thus, it
remains unclear whether changes in the ratio of NAb isotypes
contribute to the effectiveness of virus neutralizing in vivo.

Our results evaluating BALF and plasma anti-capsid IgG, IgM, and
IgA are consistent with other known recall responses to influenza
infection in the lung that produce isotype switching that propagate
local IgG, IgA, and IgM immunity against the virus.46 These results
support different capacities for isotype switching of IgA and IgM in
neonates and juvenile animals, as reflected in the peripheral whole
blood (Figure 6). In this regard, capsid-binding plasma IgM levels
were significantly suppressed in the repeat-dose group only in
juvenile ferrets (Figures 6B and 6E), whereas capsid-binding
plasma-IgA responses were initially elevated only in repeat-dose
neonatal ferrets (Figures 6C and 6F). That was not the case for IgG,
in which neonatal and juvenile animals mounted similar capsid-bind-
ing IgG responses in plasma (Figures 6A and 6D). The similar BALF
titers of capsid-binding IgG, IgM, and IgA between age groups and
the only marginally more NAbs in the repeat-dose juvenile ferrets
support the existence of non-neutralizing IgG, IgM, and IgA in the
lung and the expansion of more-effective neutralizing Igs in the older
animals. Furthermore, the reduction of capsid-binding Igs in the
BALF after the second transduction in both age groups is consistent
with the recall response involving isotype switching in the lung.47

Alternatively, the reduced capsid-binding IgG, IgM, and IgA in the
lung after a second dose of virus could be due to vector neutralization
of Igs and/or the expansion of Ig-secreting plasma cells that produce
NAb of much greater affinity. The former scenario is consistent with
findings describing the use of empty decoy AAV capsids to absorb an-
tibodies, thus overcoming the inhibitory effect of pre-existing Nab.41

Similar repeat-dosing studies with rAAV vectors have been reported
in other animal models, including the mouse,48–50 rabbit,51 and rhe-
sus macaques.52 However, in most of these studies, foreign transgenic
reporters were used, which could also mount immune responses. In
mouse, rAAV2/9 was reported to be successfully readministered to
the lung in the presence of NAbs as early as 1 month after the initial
dose.50 Other work in mice has reported that transient immunosup-
pression at the time of primary AAV vector exposure allowed for suc-
cessful repeat transduction and prevented production of neutralizing
antibodies.49 Furthermore, studies evaluating cross-neutralization be-
tween AAV serotypes has demonstrated that transduction of mouse
lung by rAAV6 is unaffected by the cross-reactive NAbs against
AAV2 or AAV3 and that transduction by rAAV2 was unaffected
by the NAbs against AAV6.48 However, the AAV2 virus elicited
rapy: Methods & Clinical Development Vol. 19 December 2020 195
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NAbs that completely blocked transduction of a second AAV2 vector,
and the AAV6 capsid elicited NAbs that only partially inhibited trans-
duction of a second AAV6 vector. Rabbits receiving two doses of
rAAV2-CFTR into the airways generated high titers of serum anti-
AAV NAbs; however, readministration of a third dose of virus did
not inhibit rAAV2 or rAAV3 transduction with the GFP reporter
gene. Collectively, these findings suggest that NAb responses to
AAV serotypes can be quite diverse; however, these previous studies
used histologic assessment of reporter gene expression that can be
difficult to quantify accurately. In the present study, with a sensitive
secreted reporter as the metric for whole-lung transduction, we
observed that prior lung exposure to rAAV2.5T virus affects trans-
duction by a second administration in an age-dependent fashion.

Our biodistribution studies on rAAV2.5T suggest that some of the vi-
ruses escape from the lung into the blood and are taken up by the
liver, despite transgene expression being confined to the lung. At
4 h after vector delivery, �7 � 10�9% of the total vector load to the
lung was detected in the blood. Additionally, based on the genomic
DNA content of a single diploid cell, we estimate that the lung con-
tained�1 vector genome per 100 cells at 14 days after vector delivery
to the lung. The liver contained approximately 10-fold lower levels of
vector genomes (�1 vector genome per 1,000 cells). The mechanism
of rAAV2.5T escape from the lung and the immunologic conse-
quences of hepatic uptake on NAb responses remain unknown. How-
ever, these findings suggest that further investigation is warranted.

Although the use of a sensitive, secreted reporter gene was a strength
for immunologic studies, it was also a limitation of the current study
because the airway cell types transduced by rAAV2.5T could not be
directly evaluated. The cellular targets for CF lung gene therapy are
diverse, and the expression of the CFTR protein within these cell types
is highly regulated, functioning in concert with other ion channels to
regulate innate immunity and mucociliary clearance.53,54 Although
the conducting airways are generally thought to be the primary targets
for CF gene therapy, alveolar type-II cells express significant amounts
of CFTR, and their contribution to CF lung disease still remains un-
known. Thus, future studies with alternative, robust intracellular re-
porters are needed to determine whether the cellular distribution of
rAAV2.5T transduction in the ferret lung is compatible with comple-
mentation of CF disease.

Although repeat administration of rAAV2.5T in juvenile ferret was
partially effective, the significant decrement in transduction after a
second dose of virus suggests that immunomodulatory strategies
may be needed for repeat dosing in humans. However, the repeat-
dosing window that maintains a robust NAb recall response remains
unclear, and the studies described here were designed to maximize
that response. In patients with CF, the interval between AAV dosing
may be considerably longer than the 1-month dosing interval used in
this study; thus, there is a need to determine how long NAbs persist in
the lung. The discordance between titers of capsid-binding antibodies
and NAbs in the BALF suggests the maturation of high-affinity NAbs
in older animals. Age-dependent differences in isotype switching of
196 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
capsid-binding NAbs in the periphery may affect the maturation of
high-affinity NAbs in the lung and provides potential avenues for im-
munomodulation of these responses.

MATERIALS AND METHODS
Production of Recombinant rAAV2.5T Viral Vectors

pAV2.5Trepcap18 was the AAV helper plasmid used to generate
AAV2.5T capsid for the production of rAAV2.5T vectors:
AAV2.5T-SP183-hCFTRDR, AAV2.5T-SP183-fCFTRDR, AAV2.5T-
SP183-fLuc, and AAV2.5T-SP183-gLuc. rAAV2 proviral plasmids
used for packaging were pAV2.F5tg83-hCFTRDR and pAV2.F5tg83-
fCFTRDR,14 as well as the pAV2-F5tg83fLuc (firefly luciferase re-
porter) and pAV2-F5tg83 gLuc (Gaussia luciferase reporter).55

SP183 is a short synthetic promoter of 183 bp. It was generated by
the fusion of a synthetic 100-bp enhancer (called F5)14 with a short
83-bp promoter (called tg83).13 SP183 is synonymous with F5tg83;
however, for consistency with prior literature, the plasmid proviral vec-
tors have retained the name F5tg83. AAV2.5T vectors were produced
in the vector core of the Children’s Hospital of Philadelphia (CHOP)
using a triple-plasmid transfection method. In brief, AAV capsid
plasmid, pAV2.5Trepcap, and adenovirus helper pAd14 were trans-
fected into HEK293 cells together with the AAV proviral vector with
AAV2 inverted terminal repeat sequences (ITRs). rAAV vectors pro-
duced from the transfected HEK293 cells were purified on cesium
chloride (CsCl)-density gradients. DNase-I-resistant particle (DRP) ti-
ters56,57 were determined by real-time quantitative polymerase chain
reaction (qPCR) with primers and probes specific to the trans-
genes.14,55 The purities of the vector stocks were also evaluated by
SDS-PAGE after silver staining.

In Vitro Evaluation of rAAV2.5T Vector in Human and Ferret

Airway Epithelium

The tropism of rAAV2.5T virus for human and ferret airway epithe-
lium was evaluated by in vitro transduction of well-differentiated
tracheobronchial ALI cultures established with early passage primary
cells. The reporter vector, AAV2.5T-SP183-gLuc, was inoculated
apically onto primary human and ferret airway epithelial ALI cultures
at an multiplicity of infection (MOI) of 10,000 DRP/cell. During the
viral exposure period, the culture medium was supplemented with
doxorubicin at the final concentration of 4 mM, and the relative lumi-
nescence units (RLUs) of theGaussia luciferase activity was measured
14 days after transduction, according to the manufacturer’s instruc-
tions for the Renilla Luciferase Activity Assay kit (Promega),14 which
was designed for the measurement of Gaussia luciferase and Renilla
luciferase. Transwells that did not receive virus were used as controls
for background luminescence.

In Vitro Comparison of CFTR-Mediated Currents after

Transduction of CF HAE with AAV1-SP183-hCFTRDR and

AAV2.5T-SP183-hCFTRDR Viruses

The effectiveness of AV2.5T-SP183-hCFTRDR and AV1-SP183-
hCFTRDR for expressing hCFTRDR and the complementation of the
CFTR functionwere evaluated inpolarized humanALI cultures derived
from the proximal airway of patients with CF (F508del/F508del). Each
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vector was applied apically to the ALI cultures at a MOI of 100,000
DRP/cell in the presence of doxorubicin (2.5 mM; MilliporeSigma)
and N-acetyl-L-leucyl-L-leucyl-L-norleucinal (LLnL) (20 mM; Milli-
poreSigma). These molecules have previously been shown to augment
transduction by several AAV serotypes.14 At 12 day after transduction,
CFTR-mediated Cl– currents were measured in Ussing chambers, as
described previously,14,58 to determine the change in short-circuit cur-
rent (DIsc) after cAMP stimulation (IBMX/Forskolin,100 mM/10 mM;
MilliporeSigma) and CFTR inhibition (GlyH101, 50 mM; Millipore-
Sigma). ALI cultures treated with doxorubicin and LLnL, but not virus,
were used as baseline controls. In a separate set of experiments, ALI cul-
tures from patients with CF (F508del/F508del) were similarly trans-
duced with AV2.5T-SP183-hCFTRDR or AV1-SP183-hCFTRDR at
an MOI of 100,000 DRP/cell in the presence of doxorubicin (2.5 mM)
and LLnL (20 mM), and cells were harvested at 7 day after transduction
for analysis of vector-derived hCFTRDR mRNA. ALI cultures were
lysed for total RNA preparation with the RNeasy Plus Mini kit (-
QIAGEN). After conversion of mRNA to cDNA, the vector-derived
hCFTRDR mRNA was quantitated by TaqMan PCR and normalized
to human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA.14

Analysis of rAAV2.5T Transduction in Neonatal and Juvenile

Ferret Lungs

Three-day-old neonatal ferrets or 1-month-old juvenile ferrets intra-
tracheally received 4 � 1013 DRP/kg body weight of the AAV2.5T-
SP183-hCFTRDR virus mixed with doxorubicin (final concentration,
250 mM). Because of the small size of neonatal kits, intratracheal vec-
tor instillation in kits was performed surgically by creating a small
incision and inserting a small needle into the mid-region of the tra-
chea. Intratracheal administration of the vector to juvenile ferrets
was performed with a laryngoscope and insertion of a micro-
sprayer-aerosolizing device sized for a rat (PennCentury, model IA-
1B). Ferrets in the mock-transduction group were only inoculated
with doxorubicin in PBS (250 mM). The animals were euthanized at
11 days after transduction, and the trachea and lung tissues were sepa-
rately harvested, snap frozen, and pulverized for total RNA extrac-
tion. The vector-derived mRNA of the transgene hCFTRDR and
endogenous fCFTR were quantified by TaqMan, and the copy
numbers of hCFTRDR and fCFTRDR were normalized to GAPDH
and then expressed as the ratio of hCFTRDR to fCFTR14.

Humoral Response Studies in Ferrets after Lung Administration

of AAV2.5T-SP183-fCFTRDR and/or AAV2.5T-SP183-gLuc

We evaluated repeat dosing of rAAV2.5T vectors to neonatal and
juvenile ferrets using the following experimental design. Neonatal
ferrets: AAV2.5T-SP183-gLuc reporter vector was intratracheally
administered to 4-week-old ferrets that were either naive to
AAV2.5T capsid or had been previously transduced with
AAV2.5T-SP183-fCFTRDR at 1 week old. Juvenile ferrets:
AAV2.5T-SP183-gLuc reporter vector was intratracheally adminis-
tered to 8-week-old ferrets that were either naive to AAV2.5T capsid
or had been previously transduced with AAV2.5T-SP183-fCFTRDR
at 4 weeks old. For each dose, the animal received an inoculum con-
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taining AAV2.5T-SP183-gLuc (1 � 1013 DRP/kg) or AAV2.5T-
SP183-fCFTRDR vector (1 � 1013 DRP/kg) and doxorubicin
(200 mM final concentration). Surgical intratracheal injection was
performed in the 1-week-old, neonatal ferrets with a 150-mL
inoculum administered to kits under anesthesia from a mixture of
isoflurane and oxygen. For other ages, virus was administered intra-
tracheally with a microsprayer aerosolizer (PennCentury, model
IA-1B) under anesthesia via subcutaneous injection with a mixture
of ketamine and xylazine. The volume of the vector and doxorubicin
inoculum for aerosolization was normalized to ferret body weight
(5 mL/kg).

Bleeding and BALF Collection for Measurement of gLuc Activity

The gLuc reporter has been previously used as a sensitive reporter to
assess lung gene transfer in a number of species and is effectively
secreted into the blood and BALF.34,55 Plasma was collected into hep-
arinized tubes from anesthetized ferrets at 0, 5, 10, and 14 days after
delivery of the AAV2.5T-SP183-gLuc reporter vector. Animals were
euthanized with Euthasol (Virbac AH), and BALF was collected
from the tracheal and lung cassette by instillation of 5 mL of PBS
per 300 g of body weight. The gLuc activity in plasma and BALF
were immediately measured after sample collection.

Antibody-Neutralization Assays with Plasma and BALF

Micro-neutralization assays were performed with modifications to a
previously reported method.59 The titers of NAb in the plasma and
BALF were quantified as the reduction in reporter gene expression af-
ter transduction of A549 cells with AAV2.5T-SP183-fLuc virus incu-
bated with serially diluted plasma or BALF before transduction.
Briefly, all plasma samples from ferrets were heat inactivated (56�C,
30min). Five-fold serial dilutions of plasma (started at 1:50 and ended
at 1:156,250) were incubated with AAV2.5T-SP183-fLuc in a total
volume of 100 mL. For BALF, the same condition was applied, but
the serial dilution started at 1:5 and ended at 1:3,125. These mixtures
were incubated at 37�C for 1 h to facilitate antibody binding and
neutralization and were then applied to a monolayer of A549 cells
in 48-well plates (1 � 105 cells/well, MOI = 5,000 DRP/cell) in dupli-
cate for each dilution. After incubating cells for 1 h at 37�C/5% CO2

with the virus mixture, the wells were supplemented with DMEM
containing of 2% fetal bovine serum and incubated for an additional
24 h. Firefly luciferase activity in cell lysates was then measured with a
Firefly Luciferase Assay Kit (Promega), according to manufacturer’s
instruction. Each time this assay was performed, A549 cells trans-
duced only with AAV2.5T-SP183-fLuc served as the reference control
for 100% transduction. The neutralization titer of each plasma or
BALF sample was calculated as the IC50 with Prism software
(GraphPad).

ELISA Measurements of Capsid-Binding IgG, IgM, and IgA in

Plasma and BALF

An ELISA procedure was used to capture and quantify the total
capsid-binding IgG, IgM, and IgA in the plasma and BALF. In brief,
rAAV5 in carbonate buffer was bound to 96-well ELISA plates over-
night at 4�C (1 � 109 DRP/well). The plasma samples tested (diluted
rapy: Methods & Clinical Development Vol. 19 December 2020 197
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to 1:2,000 for IgG and IgM and to 1:20 for IgA) and undiluted BALF
samples were applied to each well and incubated for 1 h at room tem-
perature. After washing three times in PBS-T (0.05% Tween-20 in
PBS), diluted horseradish peroxidase (HRP)-conjugated second anti-
bodies were added and incubated for 1 h at room temperature. The
HRP-conjugated second antibodies included chicken anti-ferret IgG
(Gallus Immunotech) or goat anti-ferret IgG (Abcam) and goat
anti-ferret IgM or IgA (LSBio). The HRP reaction product was then
quantified by absorbance in a plate reader.

Viral Biodistribution Studies after Lung Delivery of rAAV2.5T

To determine the extent to which rAAV2.5T exited the lung into the
periphery, we performed viral genome and transduction analysis of
other organs after rAAV2.5T lung delivery. For those studies, it was
necessary to use a non-secreted form of luciferase (firefly luciferase,
fLuc). One-month-old juvenile ferrets were intratracheally dosed
with AAV2.5T-SP183-fLuc virus (1 � 1013 DRP/kg body weight)
with Dox (final concentration, 200 mM). Age-matched ferrets that
did not receive the virus or Dox were used as negative controls. Whole
blood sampleswere collected before vector delivery (0 h) and at 4 h and
1, 5, 10, and 14 days after delivery for DNA extraction to access vector
genomes. At 14 day after transduction, the following organs tissues
were harvested and snap frozen in liquid nitrogen (lung and trachea,
whole blood, stomach, heart, liver, spleen, thymus, intestine, kidney,
pancreas, and muscle). With the exception of blood, the organs were
then pulverized to a uniform powder for the extraction of DNA for
vector genome quantification with TaqMan PCR and for assessment
of fLuc activity. TaqMan PCR used 100 ng of genomic DNA, and
the following primer and probe set against the fLuc cDNA (primers:
50-TTTTTGAAGCGAAGGTTGTGG-30 [forward] and 50-CACA
CACAGTTCGCCTCTTTG-30 [reverse]; probe: 50-(6FAM)ATCTG
GATACCGGGAAAACGC(BHQ1)-30). The TaqMan PCR was per-
formed and analyzed using the Bio-Rad MyiQ Real-Time PCR detec-
tion system and software. Viral genome copy number determination
used a standard curve against the proviral plasmid. For fLuc activity
assays,�100 mg of tissue powder was lysed in 500 mL of reporter lysis
buffer (Promega, E3971), homogenized, and then centrifuged at 6,000
RPM for 3min at 4�C. Protein concentrations of the supernatant were
then measured with the BCA kit (Pierce) and normalized to 1 mg/mL.
fLuc activity was then measured on 10 mg of protein with the Lucif-
erase Assay System (Promega, E4550).

Statistical Analysis

Experimental data are presented as means ± SD and Prism 7 (Graph-
Pad Software) was used for data analysis. The statistical significance
between multiple groups was analyzed with one-way analysis of
variance (ANOVA) followed by Tukey test (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). In Figures 2 and 3, the data were log2
transformed before ANOVA and the Tukey test because of the large
range in values. In Figure 4, log2(values + 1) transformed data were
used before ANOVA and the Tukey test because certain samples re-
turned an IC50 of zero because of the lack of a clear dose response.
Similarly, Figure S1 used log2(values + 1) transformed data before
ANOVA and the Tukey test because several values had zeros.
198 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
Comparisons between only two datasets were made with a two-tailed
Student’s t test.
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