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The dosing interval for effective recombinant adeno-associated
virus (rAAV)-mediated gene therapy of cystic fibrosis lung
disease remains unknown. Here, we assessed the durability
of rAAV2.5T-fCFTRDR-mediated transgene expression and
neutralizing antibody (NAb) responses in lungs of adult wild-
type ferrets. Within the first 3 months following rAAV2.5T-
fCFTRDR delivery to the lung, CFTRDR transgene expression
declined �5.6-fold and then remained stable to 5 months at
�26% the level of endogenous CFTR. rAAV NAbs in the plasma
and bronchoalveolar lavage fluid (BALF) peaked at 21 days,
coinciding with peak ELISpot T cell responses to AAV capsid
peptides, after which both responses declined and remained sta-
ble at 4–5 months post dosing. Administration of reporter vec-
tor rAAV2.5T-gLuc (gaussia luciferase) at 5 months following
rAAV2.5T-fCFTRDR dosing gave rise to similar levels of gLuc
expression in the BALF as observed in age-matched reporter-
only controls, demonstrating that residual BALF NAbs were
functionally insignificant. Notably, the second vector adminis-
tration led to a 2.6-fold greater ELISpot T cell response and
�2.3-fold decline in fCFTRDR mRNA and vector genomes
derived from the initial rAAV2.5T-fCFTRDR administration,
suggesting selective destruction of transduced cells from the first
vector dose. These findings provide insights into humoral and
cellular immune response to rAAV that may be useful for opti-
mizing gene therapy to the cystic fibrosis lung.
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INTRODUCTION
Cystic fibrosis (CF) is a progressive, life-restrictive, autosomal reces-
sive disease that affects the lungs, pancreas, and other organs. There
are close to 40,000 children and adults living with CF in the United
States, and an estimated 105,000 people have been diagnosed with
CF across 94 countries (https://www.cff.org/intro-cf/about-cystic-
fibrosis); CF can affect people of every racial and ethnic group.1,2

CF is caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. More than 2,000 variants of
this gene have been identified, of which approximately 400 are disease
causing and are grouped into six classes.3 CFTR pathogenic variants
impact the expression and/or function of the CFTR protein through
several different mechanisms, including synthesis (mRNA and pro-
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tein), maturation, trafficking, and channel activity. The absence or
dysfunction of the CFTR protein results in defective chloride and bi-
carbonate movement across epithelia in several organs, leading to
dehydration and mucus accumulation.

While CFTR modulators can rescue the function of specific CFTR
mutants, �10% of people with CF do not benefit from the CFTR
modulator therapies, due to mutations that produce little to no
CFTR protein or the inability to tolerate CFTR modulators.4 Further-
more, although CFTR modulators have greatly enhanced the life ex-
pectancy of most people with CF, the drug is expensive and a lifelong
burden. Therefore, the delivery of a functional CFTR gene to the CF
lung holds promise as a potential genetic treatment for this disease.
Indeed, gene therapy using recombinant adeno-associated virus
(rAAV)-based drugs has been successful in treating certain genetic
diseases, namely retinal dystrophy,5,6 hemophilia A and B,7–10 spinal
muscular atrophy,11,12 and Duchenne muscular dystrophy.13

Capsid engineering by directed evolution has greatly expanded the
toolbox of rAAV vectors with unique tropisms.14 rAAV2.5T is an
airway tropic variant identified by directed evolution of a shuffled
and mutagenized AAV2/AAV5 capsid library and panning on polar-
ized primary human airway epithelia cultured at an air-liquid inter-
face (HAE-ALI).15 To overcome the inherent packaging limitation
of AAV for CFTR expression, we developed a vector (rAAV2.5T-
fCFTRDR) harboring a ferret CFTR minigene (CFTRDR) in which
a 156-bp sequence in the R domain was deleted.16 This vector uses
a 183-bp synthetic promoter/enhancer sequence (SP183) and a small
synthetic polyadenylation sequence. We have previously demon-
strated that apical transduction of CF HAE-ALI cultures with
rAAV2.5T-fCFTRDR efficiently corrects CFTR-mediated chloride
transport and that rAAV2.5T is capable of efficiently transducing
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Table 1. Primers and probes for measurement of mRNA and DNA copy number by TaqMan qPCR

Primer name Sequence Target template

Fw-tran.endo CAAGTCTCGCTCTCAAATTGC
AAV2.5T-fCFTRDR gene and ferret endogenous
CFTR gene

Rev tran GGAACATTTATGCTGCTCTC AAV2.5T-fCFTRDR gene

Prb-tran.endo ACCTCTTCTTCCGTCTCCTCCTTCA
AAV2.5T-fCFTRDR gene and ferret endogenous
CFTR gene

Rev endo CAGCCCATGCCAATATCTGG ferret endogenous CFTR gene

Fw-GAPDH CAACTTTGGCATTGTGGAGG ferret GAPDH gene

Prb-GAPDH CAGTGATGGCATGGACGGTGG ferret GAPDH gene

Rev-GAPDH CAGTGGAAGCAGGGATGATG ferret GAPDH gene

Fw-tran.endo, forward primer for transgene and endogenous gene; Rev tran, reverse primer for transgene; Rev endo, reverse primer for endogenous gene; Prb-tran.endo, probe for
transgene and endogenous gene.
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ferret lungs in vivo.16,17 The CF ferret model manifests lung disease
that resembles the pathologies found in people with CF.18–22 Given
the availability of CF ferrets for preclinical studies, a better under-
standing of rAAV2.5T immunology and durability of transgene
expression in ferret lungs is needed prior to embarking on studies
in diseased CF animals.

rAAV contains a non-integrating vector genome (vg) that persists as an
episome in the nucleus. Therefore, the lifespan of airway epithelial cells
transduced by rAAV will determine the durability of transgene expres-
sion and the interval of administration required to maintain a thera-
peutic effect. Twomajor factors will impact the lifespan of rAAV trans-
duced cells in the lung, the first of which is the normal turnover rate of
epithelial cells at homeostasis. Studies using fate mapping in transgenic
mouse models have suggested that at homeostasis the average half-life
of a ciliated cell is 6 months in trachea and 17months in bronchioles.23

While this is a relatively long half-life, the turnover rate is expected to
be much faster in diseased states such as CF.24 Second, the cellular im-
mune response to rAAV transduced cells facilitated by T cell recogni-
tion of capsid peptides will also impact the half-life of transgene-ex-
pressing cells. Our previous studies have demonstrated the feasibility
of rAAV2.5T re-administration in neonatal ferrets without alterations
in the efficiency of transduction, while rAAV2.5T re-administration
in juvenile ferret lungs demonstrated significantly reduced transduc-
tion due to a maturation-dependent neutralizing antibody (NAb)
response.17 However, the efficacy of rAAV2.5T re-administration to ju-
venile ferret lungs can be significantly improved by immunosuppres-
sants that inhibit NAb formation during the initial vector challenge.25

While complement, humoral, and cellular responses against the AAV
capsid are still a major barrier to clinical application, strategies to tackle
the problem are being tested in preclinical models.26 More than 100
clinical gene therapy trials have applied prophylactic or reactive immu-
nosuppressants, among which central nervous system (n = 18) and
ocular (n = 24) trials have employed immunosuppressants despite
the immune-privileged status of these organs.27

Clinical rAAV-mediated gene-replacement therapy studies for spinal
muscular atrophy and Canavan disease demonstrated encouraging
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durable therapeutic effects over a 5- to 10-year period.28,29 Unlike
these diseases, rAAV-mediated gene-replacement therapy for CF
lung disease remains at a very early stage despite an increasing num-
ber of clinical studies. There is currently no research available on the
durability of rAAV-mediated CFTR transgene expression following
pulmonary administration in animal models. To address this gap in
knowledge, we evaluated the durability vector-derived fCFTRDR
mRNA and rAAV genomes following rAAV2.5T-fCFTRDR adminis-
tration to adult ferret lung over a period of 10 days to 5 months. To
evaluate the durability of NAb responses, we assessed NAb titers
in the bronchoalveolar lavage fluid (BALF) and plasma over this
period and evaluated the efficiency of a second administration with
a reporter vector (rAAV2.5T-gLuc, gaussia luciferase) at 5 months
following the initial administration of rAAV2.5T-fCFTRDR. Cellular
immune responses to rAAV capsid peptides by ELISpot and AAV
capsid-binding immunoglobulin (Ig) isotype were also quantified.

RESULTS
Duration of transgene expression in ferret lungs following a

single dose of rAAV2.5T-fCFTRDR

To investigate the durability of rAAV2.5T-fCFTRDR-mediated CFTR
expression in ferret lungs, we established a real-time RT-qPCR
assay to discriminate the vector-transcribed fCFTRDR mRNA and
endogenous fCFTRmRNA using specific primer/probe sets (Table 1).
rAAV2.5T-fCFTRDR, combined with doxorubicin, was intratra-
cheally delivered to adult ferrets (�5–8 months old). After sacrifice,
whole lungs were snap frozen in liquid nitrogen and pulverized to
allow for evaluation of whole-lung expression at time points ranging
from 10 days to 5months following transduction (Figure 1A). Vector-
derived and endogenous fCFTR mRNA was quantified by RT-qPCR
and normalized to expression of theGAPDH housekeeping gene (Fig-
ure 1B). The most significant decline in vector-derived fCFTRDR
mRNA occurred within the 3 months following vector administra-
tion, with stabilization of expression between 3 and 5 months (Fig-
ure 1B). To reference transgene-derived to endogenous fCFTR, we
compared the ratio of vector-derived fCFTRDR to endogenous fCFTR
mRNA (Figure 1C). fCFTRDR expression was 2.6- to 1.9-fold higher
than that of the endogenous fCFTR at early time points (10 and
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Figure 1. Durability of rAAV2.5T-fCFTRDR transduction in adult ferret lung

(A) Six groups of adult ferrets received rAAV2.5T-fCFTRDR (1 � 1013 DRP/kg body weight) via intratracheal atomization. The lungs, plasma, bronchoalveolar lavage fluid

(BALF), and splenocytes were harvested at the indicated time points. (B) Copies of transgene-derived fCFTRDR and endogenous fCFTR mRNA normalized to GAPDH and

quantified by qPCR with plasmid copy number standard curves. Six technical replicates were measured by independent sampling of the pulverized lung tissue from each

animal, and values were averaged. (C) Ratio of the copy number of transgene-derived fCFTRDR to endogenous fCFTRmRNA (i.e., fCFTRDR/fCFTR). (D and E) (D) Number of

rAAV2.5T-fCFTRDR vector genome (vg) copies in 100 ng of total cellular DNA and (E) per cell following normalization to the genomic DNA content in a single ferret cell. Six

technical replicates were measured from 100 ng of total cellular DNA generated from independent sampling of the pulverized lung tissue from each animal and values

averaged. (F) Total endogenous fCFTRDNA copies found in 100 ng of lung tissue DNA. Three technical replicates were measured by independent sampling of the pulverized

lung tissue from each animal and values averaged. (G) Endogenous fCFTR DNA copies per lung cell. Based on the endogenous genomic fCFTR copies from 100 ng of lung

genomic DNA, a single diploid ferret cell is estimated to contain 5.78 pg of DNA, which is very close to the cellular content of a diploid human cell (�6 pg/cell). Results show the

mean ± SEM. Statistical significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test using original data in (B) and (C) and using log2(Y + 1)

transformed data in (D) and (E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant. n = 5–8 animals in each group as shown in (A).
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21 days, respectively) after administration (Figure 1C). Notably, at
these time points when transgene-derived fCFTRDR mRNA level
was the highest, endogenous fCFTR expression was suppressed
compared to naive controls (day 0) (Figure 1B). Endogenous fCFTR
levels returned to normal levels by 1 month post transduction, and
the ratio of transgene-derived fCFTR mRNA remained stable from
3 to 5 months, averaging �26% of endogenous fCFTR mRNA levels
(Figure 1C).

Quantification of rAAV vg copies in lung lysates showed the highest
level at 10 days post transduction (�103 copies of vg per 100 pg of
Molec
genomic DNA or �60 vg/cell) (Figure 1D). This calculation assumes
that a single ferret cell contains a similar amount of genomic DNA as
a human cell (�6 pg). The largest drop in vg occurred between 10 and
21 days post transduction (30-fold) and remained relatively stable out
to 5 months, with only a further 2.7-fold decline. Since the size of the
ferret genome is not known, we also calculated the number of endog-
enous fCFTR copies in genomic DNA samples from ferrets receiving
vector (Figure 1F) and used this to recalculate the number of diploid
genomes in 100 pg of DNA. This averaged 17.3 cells per 100 pg of
genomic DNA or 5.78 pg of DNA in a single ferret cell. Using these
calculations we estimate 63.6 vg/cell at 10 days and �0.79 vg/cell at
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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Figure 2. Humoral and cellular immune responses following rAAV2.5T-fCFTRDR administration to the ferret lung

Neutralizing antibody (NAb) IC50 titers measured by rAAV2.5T-fLuc preincubation with serially diluted (A) plasma or (B) BALF prior to incubation on A549 cells and assessment

of firefly luciferase expression. (C) ELISpot measurement of IFN-g levels from 2 � 105 splenocytes following challenge with AAV2.5T capsid peptides. The dashed line in

(A) indicates the average plasma NAb titer of all naive ferrets in the study prior to rAAV2.5T-fCFTRDR transduction (10.21 ± 0.83). Results show the mean ± SEM. Statistical

significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test using log2(Y + 1) transformed data. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. n = 5–8 animals in each group as shown in Figure 1A.
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5 months post transduction (Figure 1E), where the number of endog-
enous fCFTRDNA copies per cell averaged 2 ± 0.08 across all samples
tested (Figure 1G).

Durability of humoral and cellular immune responses following a

single administration of rAAV2.5T

We examined the titers of rAAV2.5T NAb in plasma and BALF from
rAAV2.5T-fCFTRDR treated ferrets over a 5-month period. Titers of
NAb peaked at 21 days post dosing, declined �3-fold by 4 months,
and remained stable thereafter (Figures 2A and 2B). The ELISpot
assay was used to assess the interferon-g (IFN-g)-mediated cellular
immune responses and demonstrated similar trends as observed for
the NAb response (Figure 2C). Assessment of capsid-binding Igs
over the 5-month period following rAAV2.5T-fCFTRDR transduc-
tion demonstrated a gradual rise in the levels of plasma and BALF
capsid-binding IgG that stabilized at 3–5 months (Figures 3A and
3D). By contrast, both plasma and BALF capsid-binding IgM and
IgA levels peaked at 10 days post dosing and significantly declined
thereafter (Figures 3B, 3C, 3E, and 3F). Overall, the time-dependent
increases in capsid-binding IgG inversely correlated with the decline
in fCFTRDR transgene mRNA expression.

Efficient repeat administration of rAAV2.5T at a 5-month interval

despite persistent capsid-binding IgG and NAbs in the BALF

In our previous report, we demonstrated that repeat administration of
rAAV2.5T to the lungs of juvenile ferrets at a 1-month interval re-
sulted in an 11-fold decline in transduction efficiency as compared
to animals receiving only reporter vector.25 This decrement in trans-
duction following repeat administration correlated with elevated NAb
titers in the BALF. Although BALFNAb titers at 5 months post vector
administration declined�3-fold from peak 21-day levels (Figure 2B),
it remained unclear whether this level of immunity would be suffi-
cient to block transduction following a second administration of
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rAAV2.5T. To this end, we assessed the efficiency of re-administering
rAAV2.5T at 5 months using a reporter vector of rAAV2.5T-
gLuc that enabled precise quantification of transgene expression by
measuring secreted gLuc in the blood and BALF (Figure 4A). Age-
matched naive ferrets that received a single dose of rAAV2.5T-gLuc
were used as controls, and animals in both groups were evaluated
at 2 weeks following reporter vector administration.

Comparison of gLuc expression between the single-dose group and
repeat-dose group at 14 days post rAAV2.5T-gLuc vector administra-
tion revealed similar levels of gLuc activity in the BALF (Figure 4B).
While these data suggested that the repeat administration of
rAAV2.5T at a 5-month interval was effective, the time course of
the gLuc activity in plasma revealed that the expression kinetics
of the two groups were quite different. For example, plasma gLuc
expression from the single-dose group significantly declined 1,770-
fold between 5 and 14 days post vector administration (p < 0.0001),
whereas gLuc expression in the repeat-dose group remained relatively
stable over this period (Figure 4C).

Repeat administration of rAAV2.5T promotes clearance of

vector genomes and fCFTRDR transgene mRNA expression

from a previous exposure to vector 5 months earlier

The discordant BALF and plasma gLuc expression profile following
rAAV2.5T single dose and repeat dose suggested that transduction
of cellular targets capable of secreting gLuc apically into the BALF
and basolaterally into the blood may be altered by prior exposure
to rAAV2.5T vector. We hypothesized that an altered immune
response in ferrets previously exposed to rAAV2.5T-fCFTRDRmight
be responsible for these differences, and thus we compared both NAb
titers and T cell responses between the repeat-dose and single-dose
groups following transduction with rAAV2.5T-gLuc. As expected,
pre-existing plasma NAb titers were significantly higher in the
4



Figure 3. Capsid-binding immunoglobulin levels in plasma and BALF following rAAV2.5T-fCFTRDR administration to the ferret lung

AAV capsid-binding Ig titers were assessed by ELISA using purified vector as the capture antigen. (A) Plasma IgG levels (diluted 4,000-fold). (B) Plasma IgM levels (diluted to

1:2,000). (C) Plasma IgA levels (diluted to 1:20). (D) BALF IgG levels (diluted 50-fold). (E and F) BALF (E) IgM level and (F) IgA level were assessed using undiluted samples.

Results represent the mean ± SEM. Data were analyzed by 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. n = 5–8 animals in each group as shown in Figure 1A.
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repeat-dose group (day 0) as compared to the single-dose group fer-
rets (Figure 5A). This correlated with a 23.6-fold lower (p < 0.001)
level of plasma gLuc at 5 days post transduction (Figure 4C).
Repeat-dosed ferrets retained significantly higher levels of plasma
NAb at all time points examined post transduction (5, 10, and
14 days) (Figure 5A). Notably, at day 14, BALF NAb titers were not
significantly different between single-dose and repeat-dose groups
(Figure 5B). However, ELISpot IFN-g T cell responses to capsid pep-
tides were significantly higher (p < 0.05) in the repeat-dose group
compared to either the 10-month-old age-matched group with a sin-
gle dose of rAAV2.5T-gLuc reporter vector (Figure 5C) or the group
receiving a single dose of rAAV2.5-fCFTRDR after a 5-month follow-
up period (Figure 2C).

To evaluate whether the enhanced T cell response to a second dose
of rAAV2.5T might alter the persistence of rAAV2.5T-fCFTRDR
transduced cells from vector administered 5 months earlier, we
compared the levels of fCFTRDR mRNA and vg between two
groups of ferrets: (1) those that received rAAV2.5T-fCFTRDR and
then 5 months later received rAAV2.5T-gLuc with analysis at
14 days after the second vector administration (repeat group, Fig-
ure 4A); and (2) those that received only rAAV2.5T-fCFTRDR
with analysis at 5 months after vector administration (control
group, Figure 4A). The results demonstrated that fCFTRDR
mRNA expression was significantly lower (2.4-fold) in the repeat-
dose group as compared to the control group (Figure 5D), and
this was mirrored by a 2.9-fold lower ratio of transgene-
derived to endogenous fCFTR mRNA in the repeat-dose group (Fig-
Molec
ure 5E). rAAV2.5T-fCFTRDR vg in the lung were also significantly
lower (2.2-fold) in the repeat-dose group as compared to the
control group (Figure 5F). Given that rAAV2.5T-fCFTRDR vg
and fCFTRDR mRNA expression remained stable between 3 and
5 months following single vector administration, the rapid decline
in vg and fCFTRDR mRNA at 14 days after rAAV2.5T-gLuc trans-
duction suggests that boosted immunity led to partial clearance of
rAAV2.5T-fCFTRDR transduced cells following re-administration
of rAAV2.5T vector. Notably, the second dose of rAAV2.5T encod-
ing gLuc did not alter endogenous fCFTR expression levels (Fig-
ure 5D), suggesting that the lower endogenous fCFTR expression
initially observed following rAAV2.5T-fCFTRDR transduction (Fig-
ure 1B) was not likely to be due to a non-specific response to viral
vector transduction.

Repeat administration of rAAV2.5T to the ferret lung alters the

capsid-binding Ig isotypes found in BALF and plasma

We further assessed the capsid-binding Ig isotypes in plasma and
BALF following single and repeat dosing with rAAV2.5T-fCFTRDR
and/or rAAV2.5T-gLuc (Figure 4A). Plasma IgG and IgA titers
were significantly higher, whereas IgM titers were lower, in the
repeat-dose group as compared to the single-dose group, at nearly
all time points within the 14-day monitoring period (Figures 6A–
6C). However, capsid-binding IgG in the plasma was the predomi-
nant isotype. Notably, there was no difference in BALF IgG levels
between the two groups (Figure 6D), but BALF IgM levels were signif-
icantly lower (2.3-fold) and IgA levels were significantly higher (3.3-
fold) in the repeat-dose group as compared to the single-dose group
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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Figure 4. Transduction efficiency following repeat administration of rAAV2.5T

(A) Schematic of the three experimental groups of ferrets used to evaluate repeat administration of rAAV2.5T. The repeat group received rAAV2.5T-fCFTRDR (1� 1013 DRP/

kg body weight), were administered rAAV2.5T-gLuc (1� 1013 DRP/kg body weight) 5 months later, and were euthanized 14 days later (5m.14d). The single group was only

transduced with AAV2.5T-gLuc, while the control group was only transduced with rAAV2.5T-fCFTRDR. (B) Secreted gLuc activity in BALF at 14 days after rAAV2.5-gLuc

transduction. (C) gLuc activity in plasma within the first 14 days following rAAV2.5T-gLuc transduction. Results represent the mean ± SEM. Statistical significance was

analyzed byMann-Whitney test in (B) and using one-way ANOVA followed by Tukey’smultiple comparisons test in (C). ***p < 0.001, ****p < 0.0001; ns, not significant. n = 4 or

6 animals in each group.
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(Figures 6E and 6F). This is consistent with an Ig switch from IgM to
IgA following repeat exposure to rAAV2.5T at a 5-month interval
(Figures 6B, 6C, 6E, and 6F).

DISCUSSION
Innate and adaptive immune responses pose potential challenges for
CF lung-directed gene therapy that could limit the durability of trans-
gene expression in the airway. The limited lifespan of most airway
luminal cell types also suggests that repeat administration will likely
be required for a sustained therapeutic effect. It is clear that the effi-
ciency of rAAV2.5T transduction in the ferret lung declines with
short-interval (1-month) repeat administration due to NAb.25 How-
ever, there is a lack knowledge about the durability of both rAAV-
mediated CFTR transgene expression and NAb responses that could
limit efficacy following repeat vector administration to the lung over
longer intervals. This study in ferrets was specifically designed to
address these critical questions. To study the durability of transgene
expression, adult ferrets were transduced with an rAAV2.5T vector
harboring the ferret CFTR minigene (fCFTRDR) to limit host immu-
nity to only the vector capsid. A second administration of rAAV at a
5-month interval used a reporter vector (rAAV2.5T-gLuc) to enable
quantitative monitoring of secreted gLuc over a 14-day period.

To our knowledge, this is the first report of the CFTR transgene
expression being sustained for at least 5 months in a large animal
model. rAAV2.5T-mediated fCFTRDR transgene expression ex-
ceeded the level of endogenous CFTR mRNA (200%–250%) within
the first 21 days after administration but declined thereafter before
stabilizing at 3–5 months at an average level of 26% that of endoge-
nous CFTR. It has been suggested that CF people with heterozygous
CFTR gene-splicing mutations (3272-26A>G/F508del genotype) pro-
duce �5% normal CFTR transcripts and have more mild symptoms
as compared to people with homozygous F508del mutations.30 Other
in vitro studies in CF polarized airway epithelia have suggested that
gene replacement in as little as 6%–10%31 or 25%32 of cells can com-
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plement CFTR-mediated chloride currents to wild-type levels. Our
studies at 5 months post administration of rAAV2.5T-fCFTRDR
demonstrated transgene expression at 19% of endogenous CFTR
(Figure 1C). While this may provide a pharmacologically relevant
level of CFTR expression, it is also a level we considered to be within
the limits requiring re-dosing of the vector.

Notably, the drop in vector-derived mRNA between 10 and 21 days
was 1.4-fold (Figure 1B, left), while there was a 15-fold drop in
lung vector genomes (Figure 1D) over the same time period. One
explanation for this discrepancy involves enhanced clearance of inef-
fective viral vector particles by one of the following mechanisms. The
most plausible mechanism may be clearance and degradation of viral
vector particles by alveolar macrophages and dendritic cell of the
lung. Activation of the cellular immune response, which peaked at
21 days (Figure 2C), could also be functionally linked to the clearance
of ineffective vector particles taken up by macrophages, dendritic
cells, natural killer cells, monocytes, and neutrophils in the lung.
We also know from our previous ferret study that �20% of
AAV2.5T escapes the lung and vg can be found in the liver at
14 days post transduction without transgene expression.17 Each of
these mechanisms could have contributed to the more rapid decline
in vg as compared to transgene mRNA.

Repeat administration with rAAV2.5T-gLuc at 5 months following
rAAV2.5T-fCFTRDR administration was equally as effective as sin-
gle-dose administration of rAAV2.5T-gLuc to naive animals when as-
sessing gLuc levels in BALF (Figure 4B), despite persistent NAbs (Fig-
ure 2B) and capsid-binding antibodies (BAbs) (Figures 3D–3F) in the
BALF. This result demonstrates the feasibility of efficient repeat
dosing to the ferret lung at a 5-month dose interval. However, the ki-
netics of gLuc expression in plasma of the repeat-dose group, which
remained stable between 5 and 14 days, was very different from
that of the single-dose group, which declined >1,700-fold between 5
and 14 days (Figure 4C). While the mechanism responsible for these
4



Figure 5. Humoral and cellular immune response following repeat administration of rAAV2.5T

Schematic of rAAV2.5T dosing in single, repeat, and control ferrets is as shown in Figure 4A. (A and B) Neutralizing antibody (NAb) titers in (A) plasma and (B) BALF from single

and repeat groups. The dotted line in (B) indicates the average NAb titer of plasma from the control group of ferrets at 5 months post rAAV2.5T-fCFTRDR administration. (C)

ELISpot measurement of IFN-g levels from 2 � 105 splenocytes following challenge with AAV2.5T capsid peptides. The dotted line in (B) indicates the average NAb titer of

plasma from the control group of ferrets at 5 months post rAAV2.5T-fCFTRDR administration. (D) Copies of transgene-derived fCFTRDR and endogenous fCFTR mRNA

normalized to GAPDH from lung tissue harvested at 5 months after a single administration of AAV2.5T-fCFTRDR (control) or at 14 days after repeat administration with

AAV2.5T-gLuc in ferrets transduced with AAV2.5T-fCFTRDR 5 months earlier (repeat). (E) Copy number ratio of transgene-derived fCFTRDR mRNA to the endogenous

fCFTR mRNA. (F) Number of AAV vg in 100 ng of lung cellular DNA from control and repeat groups tested. Results represent the mean ± SEM. Statistical significance was

analyzed by Mann-Whitney test using log2(Y + 1) transformed data in (A) and non-transformed data in (B–F). *p < 0.05, **p < 0.01. n = 4–6 animals in each group.
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differences remains unclear, we reason that an altered immune
response between the two groups impacts both the transduction
and clearance of transduced lung epithelial cells capable of secreting
gLuc into the blood. We have previously shown that only a small frac-
tion of rAAV2.5T-gLuc vector escapes the lung and is taken up by the
liver; while vg were found in the liver at 14 days following rAAV2.5T-
gLuc lung delivery to ferrets, there was no expression of gLuc in other
organs including the liver.17 These findings suggest that a lung-
intrinsic mechanism is responsible for the durability and differential
secretion of gLuc into the blood between single-dosed and repeat-
dosed animals.

Previous studies with rAAV8 have shown that non-neutralizing
capsid BAbs can enhance vector uptake and transduction of the liver
in mice.33 This study also demonstrated that BAbs altered the
biodistribution profile of vg, enhancing uptake in muscle while
reducing uptake in spleen and lymph nodes.33 Given that in our study
AAV2.5T capsid-binding IgM and IgA levels in the BALF were signif-
icantly different between single-dose and repeat-dose groups
(Figures 6E and 6F), it is possible that BAbs impacted the cellular dis-
tribution of AAV2.5T-gLuc transduction in the lung of the repeat-
Molec
dose group to favor transduction of epithelial cells that lack host-im-
mune-mediated clearance and/or have differing capacities to secrete
gLuc apically into the BALF or basolaterally into the blood.

Cellular immune responses to prior exposure to rAAV2.5T also
likely impacted outcomes in this study. The enhanced IFN-g
T cell responses to capsid peptide challenge were significantly
elevated in animals receiving two doses of rAAV2.5T (Figure 5C).
This could partially explain the rapid clearance of rAAV2.5-
fCFTRDR transduced cells following the second exposure to
rAAV2.5T-gLuc, as indexed by vg and vector-derived fCFTRDR
mRNA (Figures 5D–5F). While the mechanism of selective clear-
ance of rAAV2.5-fCFTRDR, but not rAAV2.5T-gLuc, transduced
epithelial cells remains unclear, it could involve immune memory
by virally transduced epithelial cells.34,35 While viral immune cell
memory by resident B cells and T cells in the lung and other organs
has been well established,36–38 much less is known about the mech-
anisms of epithelial cell memory in viral infection and inflammation
in the lung. This emerging field of inflammatory memory (or
trained immunity) is thought to involve epigenetic reprogramming
of stress-response genes to an open chromatin state that allows for
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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Figure 6. Capsid-binding immunoglobulin levels in plasma and BALF following repeat administration of rAAV2.5T to ferret lung

Schematic of rAAV2.5T administration in single and repeat groups of ferrets is as shown in Figure 4A. AAV capsid-binding Ig titers were assessed by ELISA using purified

vector as the capture antigen. (A) Plasma IgG levels (diluted 4,000-fold). (B) Plasma IgM levels (diluted to 1:2,000). (C) Plasma IgA levels (diluted to 1:20). (D) BALF IgG levels

(diluted 50-fold). (E and F) (E) BALF IgM levels and (F) IgA levels assessed using undiluted samples. Results represent the mean ± SEM. Data were analyzed byMann-Whitney

test. *p < 0.05, **p < 0.01. n = 4 or 6 animals in each group.
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rapid changes in the expression of genes that enhance fitness of cells
or the organism to repeated environmental stresses or pathogen
exposure.34,35 For example, interleukin-6-pSTAT3-mediated epige-
netic reprogramming has been shown to be involve inflammatory
memory of intestinal and pancreatic epithelia.34 While epithelial in-
flammatory memory has yet to be extensively studied in epithelia of
the lung, its presence in other epithelial barrier organs such as the
intestine and skin35 support a potential role in the lung in the
context of gene therapy. While epithelial inflammatory memory
primes cells to respond to infection in an antigen agnostic manner,
networks that drive epithelial-to-immune communication can inter-
sect to drive cooperative responses to infection.35,36 Thus, further
research is needed to understand such mechanisms and to develop
approaches that minimize their involvement in repeat administra-
tion of rAAV to the lung.

In summary, we find that fCFTRDR transgene expression following a
single intratracheal administration of rAAV2.5-fCFTRDR to the
adult ferret lung declines rapidly within the first 3 months and then
remains relatively stable between 3 and 5 months, averaging 26%
that of endogenous fCFTR. Repeat administration of rAAV2.5T at a
5-month interval was as efficient as a single administration of vector
despite residual NAbs in the BALF. However, re-exposure to
rAAV2.5T may have led to enhanced clearance of cells in the lung
transduced 5 months earlier, suggesting that inflammatory memory
may be a barrier to repeat administration. These findings support a
need for immunomodulation in applications of rAAV gene therapy
to the lung and highlight areas of research needed to understand im-
8 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
mune mechanisms that impact the durability of transduced cells in
the lung.

MATERIALS AND METHODS
Production of rAAV2.5T vector

rAAV2.5T vectors expressing ferret CFTRDR (rAAV2.5T-SP183-
fCFTRDR, herein called rAAV2.5-fCFTRDR), firefly luciferase
(rAAV2.5T-SP183-fLuc, herein called rAAV2.5-fLuc), and gaussia
luciferase (rAAV2.5T-SP183-gLuc, herein called rAAV2.5-gLuc) uti-
lized a short 183-bp promoter (SP183) and were prepared as previ-
ously described.17 In brief, HEK293 cells were transfected with the
AAV trans-plasmid (pAV2.5Trep/cap), adenovirus helper plasmid
(pAd4.1), and the AAV proviral plasmid listed above containing
the AAV2 inverted terminal repeat sequences. rAAV vectors in the
cell lysate from transfected HEK293 cells were purified on an iodixa-
nol cushion by ultracentrifugation followed by two cesium chloride
density gradients. Titers were determined as DNase-I-resistant parti-
cles (DRPs) by TaqMan qPCR with primer and probe sets specific to
each transgene. The purity of each vector stock was confirmed by
SDS-PAGE and silver staining.

Vector administration to ferret lungs

All animal experimentation was performed according to protocols
approvedby the institutional animal care anduse committee of theUni-
versity of Iowa. Five- to 8-month-old adult ferrets (n = 4–8 per group)
were anesthetizedwith amixture of ketamine and xylazine injected sub-
cutaneously and then intratracheally administered rAAV2.5-fCFTRDR
at a dose of 1� 1013DRP/kg bodyweight (BW)with aMADgic sprayer
4
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atomization device (Teleflex.com, model MAD720). The rAAV2.5T
vector inoculum contained doxorubicin at a concentration of
200 mM, and the administered volume was normalized to ferret BW
at 2 mL/kg BW. Ferrets were euthanized at 10 and 21 days and 1, 3,
4, and 5 months post delivery of rAAV2.5T-fCFTRDR, and BALF
from the lung was first collected using a weight-normalized volume of
PBS, after which the entire lung block was snap frozen for CFTR
mRNA and vector DNA. Blood and splenocytes were also collected as
previously described.25 A second administration of rAAV2.5-gLuc vec-
tor to the lung was delivered (1� 1013 DRP/kg BW) at 5 months after
rAAV2.5-fCFTRDR vector dosing, and the ferrets were euthanized at
14 days later. Plasma was collected at 0, 5, 10, and 14 days following
rAAV2.5-gLuc administration, and BALF was collected at 14 days,
and both plasma and BALF were used for titration of NAbs and mea-
surement of gaussia luciferase activity.

TaqMan qPCR quantification of CFTR mRNA and vector

genomic DNA

Transgene-derived (fCFTRDR) and endogenous ferret CFTR
mRNA was quantified by TaqMan qPCR using GAPDH as a
housekeeping reference gene; the primers and probe sets are
listed in Table 1. The methods for quantifying mRNA copies in
transduced lung tissue used a previously described approach that
minimized regional variations in delivered vector.25 The entire
snap-frozen lung was cryo-ground to powder at a particle size
of <1 mm3 using a tissue grinder (BioCryo, Biospec, model
BCTG120) with supplemental dry ice added to the chamber during
grinding. Extraction of total RNA from lung tissue samples (six
technical replicates per sample tested and averaged, 80 ± 5 mg/
test) was performed using TRIzol according to the manufacturer’s
protocol. RNA samples were digested with DNase (Turbo DNase,
Ambion) to remove rAAV genomes and genomic DNA. cDNA
synthesis was performed on 100 ng of total RNA using the ABI
High-Capacity cDNA Reverse Transcription Kit (ABI: 4368814)
and pd(N)6 random primers according to the manufacturer’s pro-
tocol. For each sample tested, a control was performed in the
absence of reverse transcriptase to verify the absence of vector
genomic DNA contamination. Plasmid copy number standard
curves were generated each time the assay was performed.

The real-time qPCR assays were performed using iTaq Universal
probe Supermix (Bio Rad). Amplification reactions contained
12.5 mL of 2� Supermix, 1 mL of cDNA, 2.5 pmol/mL of each specific
primer, 2.5 pmol/mL of probe, and added water to total volume of
25 mL per reaction. PCR conditions were 95�C for 3 min, followed
by 40 cycles of 95�C for 15 s and 62.5�C for 40 s.

rAAV2.5-fCFTRDR vg with ferret lung genomic DNA was isolated
from cryo-ground preclinical models lung powder using standard
methods with TRIzol. The same primer/probe sets (Table 1) and
TaqMan qPCR methods were used to quantify DNA and RNA
copy number. Each DNA copy number assay was performed with
three technical replicate samples containing 100 ng of purified
DNA, and the values were averaged.
Molec
Measurement of gLuc activity in plasma and BALF

On days 0, 5, 10, and 14 after administration of the AAV2.5T-gLuc
vector, blood was harvested from the jugular vein of anesthetized fer-
rets and collected into heparinized tubes for plasma isolation. Ferrets
were euthanized with Euthasol (Virbac AH) at 14 days post vector
administration, and BALF was collected by lavage of the trachea/
lung cassette using 5 mL of PBS per 300 g BW. The gLuc activity in
the plasma and BALF were immediately measured after harvest
with a Renilla Luciferase Assay Kit (Promega) using the manufac-
turer’s methods.

Titration of rAAV2.5TNAbs and capsidBAbs levels in plasmaand

BALF

The level of NAb in the plasma and BALF was quantified using a mi-
cro-neutralization assay based on the transduction of A549 cells using
rAAV2.5T-fLuc incubated with serially diluted plasma or BALF as
previously described.17,25 Firefly luciferase activity in cell lysates
was measured using a Firefly Luciferase Assay Kit (Promega). The ti-
ters of rAAV2.5T NAb in each plasma or BALF sample was calculated
as the IC50 using Prism software (GraphPad). The levels of total
capsid-binding IgG, IgM, and IgA in the plasma and BALF were
determined by ELISA using rAAV5 as the capture antigen as previ-
ously described.17,25 rAAV5 was used because the VP2 and the VP3
capsid proteins of rAAV2.5T are derived from rAAV5 with a single
A581T mutation. We have previously shown that the use of rAAV5
or rAAV2.5T vector as the capture antigen gives similar quantifica-
tion of anti-rAAV2.5T capsid BAbs by ELISA.17

ELISpot assay of T cell immune response against the AAV2.5T

capsid

The T cell responses to the rAAV2.5T capsid were measured using a
ferret IFN-g-ELISpot assay as previously described.25 In brief, spleno-
cytes were thawed, washed, and counted. Phorbol 12-myristate
13-acetate (10 ng/mL, Sigma) and ionomycin (0.2 mg/mL, Sigma)
were used as a positive control for splenocyte responses, and medium
alone (i.e., no stimulation) was used as a negative control. Controls
and peptide antigens (1 mg/mL) were added to each well (n = 2 tech-
nical replicates) containing splenocytes (2� 105/well). The number of
spot-forming units (SFU) per well was determined using an Immuno-
spot plate reader (Astor; Mabtech, Cincinnati, OH, USA), and results
were expressed as SFU/2 � 105 cells after subtracting the SFU from
the medium-alone negative control. Four rAAV2.5T capsid peptides
previously shown to demonstrate the highest level of stimulation25

were pooled to stimulate ferret splenocytes.

Statistical analysis

The experimental data are presented as mean ± SEM, and Prism 9
(GraphPad Software) was used for the data analyses. The statistical
significance between multiple groups was determined using one-
way ANOVA followed by the Tukey test (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 in figures). Certain data was log2(Y +
1) transformed prior to ANOVA and the Tukey test because of the
large range in values. Comparisons of two groups used the Mann-
Whitney test.
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 9
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