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The efficacy of redosing the recombinant adeno-associated vi-
rus (rAAV) vector rAAV2.5T to ferret lung is limited by
AAV neutralizing antibody (NAb) responses. While immuno-
suppression strategies have allowed for systemic rAAV repeat
dosing, their utility for rAAV lung-directed gene therapy is
largely unexplored. To this end, we evaluated two immunosup-
pression (IS) strategies to improve repeat dosing of rAAV2.5T
to ferret lungs: (1) a combination of three IS drugs (Tri-IS) with
broad coverage against cellular and humoral responses (meth-
ylprednisolone [MP], azathioprine, and cyclosporine) and (2)
MP alone, which is typically used in systemic rAAV applica-
tions. Repeat dosing utilized AAV2.5T-SP183-fCFTRDR
(recombinant ferret CFTR transgene), followed 28 days later
by AAV2.5T-SP183-gLuc (for quantification of transgene
expression). Both the Tri-IS and MP strategies significantly
improved transgene expression following repeat dosing and
reduced AAV2.5T NAb responses in the bronchioalveolar
lavage fluid (BALF) and plasma, while AAV2.5T binding anti-
body subtypes and cellular immune responses by ELISpot were
largely unchanged by IS. One exception was the reduction in
plasma AAV2.5T binding immunoglobulin G (IgG) in both
IS groups. Only the Tri-IS strategy significantly suppressed
splenocyte expression of IFNA (interferon a [IFN-a]) and
IL4. Our studies suggest that IS strategies may be useful in
clinical application of rAAV targeting lung genetic diseases
such as cystic fibrosis.

INTRODUCTION
Cystic fibrosis (CF) affects at least 70,000 people worldwide according
to the patient registry of the CF Foundation. CF is an autosomal reces-
sive genetic disorder caused by mutations in the CF transmembrane
conductance regulator (CFTR) gene, which encodes a chloride and
bicarbonate channel expressed in epithelial cells.1 More than 2,000
distinct CFTR variants have been identified,2 among which approxi-
mately 300 mutations cause CF.3 CFTR interacts with other ion chan-
nels, such as the epithelial sodium channel (ENaC), to regulate fluid
movement across epithelia and thus can have cell-intrinsic functions
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based on the composition of other channels co-expressed with
CFTR.4 Lung disease is the primary cause of morbidity and mortality
in patients with CF, where the loss of CFTR-mediated chloride and
bicarbonate transport leads to impaired mucus clearance and chronic
bacterial infection.

Recently, the FDA approved the triple combination of CFTR modu-
lators (elexacaftor/tezacaftor/ivacaftor) as an effective treatment for
�90% of patients with CF who have at least one copy of the
F508del CFTR mutation. However, development of other therapeutic
strategies is required to treat the remaining patients with CF who have
drug-refractory missense mutations, who produce little to no CFTR
protein, or who cannot tolerate treatment with CFTR modulators.5

To this end, CFTR gene replacement strategies are being pursued to
treat patients with CF in a mutation-agnostic fashion.6

A recombinant adeno-associated virus (rAAV) type 2 vector
(rAAV2) was used in the first rAAV clinical trials in patients with
CF.7,8 While these trials failed to meet efficacy endpoints due to the
lack of CFTR mRNA expression, they did demonstrate that rAAV
delivered to the human lung was safe.7 Other advantages of rAAV
for pulmonary administration include its low immunogenicity, low
risk of integration, and episomal persistence of vector genomes in
transduced cells.9–11

Reasons for the lack of efficacy in the rAAV2 CF clinical trial were
later discovered to involve both the biology of rAA2 transduction
in airway epithelia and vector design.4 First, apical transduction
of human airway epithelium (HAE) with rAAV2 encounters a
23 ª 2023 The Author(s).
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proteasome-dependent post-entry block in transport of the virus to
the nucleus.12,13 Second, the small vector package capacity of rAAV
necessitated the use of the weak intrinsic promoter activity of the
inverted terminal repeat (ITR) sequence for expression of the full-
length CFTR cDNA. To solve these obstacles, a human airway tropic
AAV capsid variant (AAV2.5T) was identified by directed evolution
of a library of AAV2 and AAV5 shuffled and mutated capsids after
multiple rounds of apical transduction in HAE.14 We have previously
demonstrated that rAAV2.5T can transduce polarized ferret airway
epithelium grown at an air-liquid interphase (ALI) and ferret lung
in vivo.15 Other advancements in vector design involved generating
a smaller CFTR minigene (CFTRDR)16 and a strong short synthetic
promoter/enhancer (SP183) element that is efficiently expressed in
human and ferret airway epithelial cells.17 These last two improve-
ments enabled packaging of the SP183-fCFTRDR transgene cassette
in the absence of vector genome truncations.17 These advances in
vector design led to the recombinant virus (rAAV2.5T-SP183-
fCFTRDR) used in this study.17

Cells accessible to a gene transfer vector from the airway luminal sur-
face primarily include ciliated cells and secretory cells. Ciliated cells
are terminally differentiated, while secretory cells have the capacity
to divide. The durability of an episomal persistent viral vector, such
as rAAV, is dependent on the lifespan of transduced cells. While
the lifespan of human airway cell types remains unclear, the average
half-life of a mouse ciliated cell is �6 months in the trachea and
�17 months in the intralobar airways.18 Because of the relatively
slow turnover rate of airway epithelia, functional complementation
in transduced cells will likely persist for a finite period. However,
the rate of cellular turnover in the terminally diseased human CF
lung is predicted to be 75-fold higher than healthy lungs, based on
the number of dividing cells,19 suggesting that repeat dosing of
rAAV will be required. Despite the low immunogenicity compared
with other viral vectors, rAAV vectors still induce host immunity,
including innate and adaptive immune responses.4,20,21 Thus, the
extent of the immune response will also impact durability of
rAAV-mediated therapy and the dosing interval required to maintain
a therapeutic effect.

Our previous study demonstrated that the repeat dosing of rAAV2.5T
to juvenile ferret lungs at a monthly interval resulted in reduced trans-
gene expression from the second dose of rAAV2.5T and in significant
increases in the level of neutralizing antibodies (NAbs) in plasma and
bronchoalveolar lavage fluid (BALF) compared with single-vector
administration to age-matched naive ferrets.15 Immune responses
elicited by rAAV administration can include innate, adaptive humor-
al (B cell), and/or cellular (T cell) responses, which can be signifi-
cantly elevated by repeated exposure to the homologous capsid.22

Pharmacologic immunosuppression can dampen immune responses
observed following repeat dosing of rAAV. Several immunosuppres-
sion strategies have been explored in animal models to improve the
efficacy of rAAV repeat dosing and/or the durability of transgene
expression. For example, sustained expression of dystrophin was
achieved in striated muscles of rAAV-injected dystrophic dogs
Molecu
treated with a short course of the cyclosporine and mycophenolate
mofetil immunosuppressants.23,24 Similarly, treatment with dexa-
methasone prior to rAAV9 dosing augmented factor IX expression
from the liver of C57BL/6 mice.25

Several clinical trials have reported that the combined use of corticoste-
roidswith rAAVdelivery can improve transgene expression and control
inflammatory responses. During the in-life phase of the hemophilia B
gene therapy with rAAV encoding factor IX–R338L, two subjects that
developed elevated liver enzymes were administrated prednisone,
followingwhich factor IX coagulant activity was sustained.26 In another
AAV gene therapy clinical trial for Leber’s hereditary optic neuropathy,
corticosteroids were used to manage the ocular inflammation after in-
travitreal administration of rAAV2/2-ND4.27

The triple combination of methylprednisolone (MP), azathioprine,
and cyclosporine has been successfully used in patients undergoing
orthotopic lung transplantation to inhibit the adaptive T cell and B
cell immune responses to the donor lung. Our group has successfully
used this triple immunosuppression (Tri-IS) regimen in ferret lung
transplants to slow rejection.28 In this present study, we sought to
compare the efficacy of Tri-IS and MP to enhance rAAV2.5T repeat
administration to ferret lungs. Tri-IS was used to achieve maximal IS,
and MP was evaluated as a practical option for use in CF subjects. In
our study, we first utilized an AAV2.5T vector (AAV2.5T-SP183-
fCFTRDR) to selectively induce a humoral response to the
AAV2.5T capsid. For the vector redosing, we used the AAV2.5T-
SP183-gLuc vector that allowed for accurate quantitation of Gaussia
luciferase expression soon after AAV delivery, thus limiting the
impact of immune responses against Gaussia luciferase (gLuc). For
maximal effect, the immunosuppressive drugs were administered
prior to and immediately following the first dose of AAV2.5T,
and treatment was maintained for 30 days prior to AAV2.5T
redosing 4 weeks after the first dose. The level and duration of
expression was compared with repeat-dose animals that were not
immunosuppressed.

RESULTS
IS significantly improves transgene expression following repeat

dosing of rAAV2.5T

We have previously shown that repeat rAAV2.5T dosing at a
4-week interval to lungs of juvenile ferrets generates a local and
systemic NAb response that limits the effectiveness of the second
vector administration.15 In this previous work, the first vector
dose was AAV2.5T-SP183-fCFTRDR, and the second vector dose
was AAV2.5T-SP183-gLuc, which expressed a secreted gLuc reporter
and provided temporal and quantitative assessment of second vector
transgene expression. As expected, these studies demonstrated that
NAbs originating fromAAV2.5T-SP183-fCFTRDR exposure reduced
the efficiency of AAV2.5T-SP183-gLuc transduction in the lung
compared with naive controls receiving only AAV2.5T-SP183-gLuc.
Thus, we hypothesized that transduction efficiency following vector
readministration may be improved if the immune responses to the
first vector administration were dampened by IS.
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Figure 1. Study design for immunosuppression and

repeat dosing of rAAV2.5T to ferret lung

1 � 1013 DRP/kg body weight rAAV2.5T-fCFTRDR was

administrated intratracheally to 4-week-old ferrets, and

4 weeks later, 1 � 1013 DRP/kg rAAV2.5T-gLuc was

readministered intratracheally to the lung. The MP or Tri-

IS drugs were given daily starting 2 days before the first

vector dose and then daily until the day of the second

vector dose, for a total duration of 30 days of

immunosuppression. Plasma and bronchioalveolar lavage

fluid (BALF) was harvested at the indicated time points.

n = 15 animals in each group. MP, methylprednisolone alone treatment group; Tri-IS, triple immunosuppression (cyclosporine, MP, and azathioprine) treatment group;

NT, no immunosuppression group. The naive group did not receive virus or immunosuppression.
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We have previously demonstrated that a combination of cyclo-
sporine, azathioprine, and MP effectively inhibits immune rejection
of ferret orthotopic lung transplants28; this IS regimen is also the stan-
dard of care for patients that have had an orthotopic lung trans-
plant.29,30 For this rAAV2.5T readministration study, we utilized
the three immunosuppressive drug combination (Tri-IS group) treat-
ment and compared its outcomes with both that of MP alone treat-
ment (MP group) and no IS (NT group). Ferrets received the immu-
nosuppressants starting 2 days before administration of the first
vector (AAV2.5T-SP183-fCFTRDR) and were maintained on immu-
nosuppressants for a total of 30 days until the administration of the
second vector (AAV2.5T-SP183-gLuc). As a control for gene expres-
sion, age-matched ferrets in the NT group were administered the two
doses of vector without IS (Figure 1). The activity of gLuc in plasma
was monitored following the administration of the second vector (0,
5, 10, and 14 days; Figure 2B). BALF was collected at the time of tissue
harvest (14 days following AAV2.5T-SP183-gLuc administration).

Results from this study found that gLuc activity in the BALF of ferrets
in either the MP or Tri-IS groups was significantly higher (13.2-fold,
p < 0.001, and 85.6-fold, p < 0.0001), respectively, when compared
with the NT group (Figure 2A). We observed no difference in plasma
gLuc activity between MP and Tri-IS groups at any time point
following the AAV2.5T repeat dosing, although both groups were
significantly greater than the NT group (p < 0.0001). The plasma
gLuc activity declined between 5 and 14 days in all groups. At the
peak of plasma gLuc expression (5 days post-second vector dosing),
the gLuc activities in MP and Tri-IS groups were 27.7- and
34.5-fold higher than that in the NT group (Figure 2B).

IS inhibits NAb responses against rAAV2.5T in the BALF and

plasma

NAb titers in the BALF were significantly lower in the immunosup-
pressed groups, with the NT group having 4.2- and 3.3-fold higher
(p < 0.0001) NAb titers than those of the Tri-IS and MP groups,
respectively (Figure 3A). NAb levels in the plasma of ferrets just prior
to (day 30) the administration of the AAV2.5T-SP183-gLuc vector re-
vealed NAbs in all groups transduced with AAV2.5T-SP183-
fCFTRDR. Notably, the baseline (day 30) NAb titer in animals of
the NT group was significantly higher than that seen in the plasma
of animals from both the Tri-IS (2.1-fold, p < 0.0001) and MP (1.6-
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fold, p < 0.01) groups (Figure 3B), indicating that both immunosup-
pressive regimens suppressed the production of NAbs elicited from
the first vector dose with AAV2.5T-SP183-fCFTRDR. Although
plasma NAb levels from the animals of all treatment groups increased
with time in a similar pattern, the levels of NAb in the immunosup-
pressed groups were significantly lower than that in the NT group at
5, 10, and 14 days after the rAAV2.5T-SP183-gLuc dosing (Figure 3B).
These findings demonstrate that IS can effectively inhibit the local
lung immune responses that limit second vector administration.

Mapping the AAV2.5T capsid-binding immunoglobulin isotype in

the plasma and BALF following IS

We profiled the immunoglobulin (Ig) isotypes that bound to the
AAV2.5T capsid following vector redosing in the presence or absence
of IS using previously described methods.15 IgG accounts for �70%–
75% of the total Ig in plasma. Thus, it was not surprising that IgG was
the dominant capsid-binding Ig isotype in the plasma of all treatment
groups, with the exception of the naive group (Figure 4C). Compared
with the NT group, the Tri-IS and MP treatments significantly sup-
pressed (p < 0.0001) capsid-binding IgG in the plasma to background
levels following the first dose of AAV2.5T (Figure 4A; day 0 prior to
vector redosing). AAV2.5T vector redosing led to increases in plasma
capsid-binding IgG in all treatment groups, with animals from the
Tri-IS and MP groups having significantly lower titers than the NT
group; this difference reached the maximum at 14 days post-vector
redosing and was no different compared with the immunosuppressed
treatment group (Figure 4A). By contrast, plasma IgM and IgA
capsid-binding titers were low and not significantly different between
the NT and immunosuppressed treatment groups prior to, or
following, vector redosing (Figures 4B and 4C). Similarly, BALF
capsid-binding IgG, IgM, and IgA titers were also not different be-
tween the NT and immunosuppressed treatment groups at 14 days
following vector redosing (Figures 4B–4F). Thus, the dominant effect
of IS on the antibody isotype profile was a reduction in plasma capsid-
binding IgG generated after the first dose of rAAV2.5T.

Mapping the splenocyte cytokine transcriptional profiles and the

impact of IS following redosing with rAAV2.5T

rAAV vectors can activate innate and adaptive immune responses
facilitated by the paracrine cytokine signaling.31 Briefly, in response
to pathogens, naive CD4 T cells differentiate into effector Th1 and
23



Figure 2. Efficiency of rAAV2.5T redosing to ferret lung

Secreted gLuc expression in (A) BALF and (B) plasma following intratracheal delivery of rAAV2.5T-fCFTRDR to 4-week-old ferrets, followed by rAAV2.5T-gLuc 4 weeks later.

BALF was harvested 14 days after rAAV2.5T-gLuc delivery, and plasma was harvested at the indicated time points. Results are presented as the mean ± SEM. Data were

analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test using log2-transformed data, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant. n = 15

animals per group.
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Th2 cells, which secrete cytokines that activate and resolve immune
responses. Interleukin-2 (IL-2) and interferon g (IFN-g) belong to
Th1-type cytokines and are involved in cell-mediated pro-inflamma-
tory responses to viruses and other pathogens.32–34 By contrast, IL-4
and IL-6 are able to promote Th2 cell differentiation, which mediates
B cell activation, antibody production, and Th1 response regula-
tion.35,36 Type I IFNs including IFN-a and IFN-b play important
roles in resolving viral infection and induce an anti-virus state in
both infected and bystander cells.37 Tumor necrosis factor a (TNF-
a) is a pivotal pro-inflammatory cytokine involved in many aspects
of viral immune responses and is induced by macrophages, activated
T cells, natural killer cells, and mast cells.38 Here, we quantitated the
levels of all these cytokine mRNAs in splenocytes isolated from
rAAV2.5T-infected ferrets to index pathways inhibited by IS (Fig-
ure 5). mRNAs were quantified by qRT-PCR, and we used ACTB
(b-actin) mRNA levels for normalization. Of the seven splenocyte cy-
tokines evaluated, Tri-IS significantly reduced IL-4 (Figure 5C) and
IFNA (IFN-a) (Figure 5E) relative to the NT group. Notably, when
compared with the NT group, MP treatment had no significant effect
on any of the splenocyte cytokine transcripts (Figure 5). As expected
with the robust IS provided by Tri-IS, a combined analysis by mixed-
effects modeling demonstrated that the Tri-IS group had significantly
(p < 0.0001) lower cytokines levels compared withMP and NT groups
(Figure 5H).

IS exerts no significant effect on the T cell response as

measured by IFN-g ELISpot

The observation that IFNG (IFN-g) was significantly (p = 0.0106) up-
regulated in splenocytes in the NT vs. naive groups (Figure 5B) sug-
gested the potential for AAV2.5T antigen-specific T cell responses
following redosing. To this end, we developed an IFN-g ELISpot
Molecu
assay to measure the AAV2.5T-specific T cell responses. We first syn-
thesized 72 15-mer peptides with a 5-amino acid overlap that spans
the entire VP1 sequence of the AAV2.5T capsid. Each peptide was
individually screened by ELISpot using splenocytes harvested from
three ferrets that were administered two doses of rAAV2.5T to the
lung intratracheally (i.t.) and a third dose of AAV2.5T that was dosed
half via i.t. and half intramuscularly (i.m.) (Figure 6A). We chose four
positive peptides (#52, #56, #65, and #66), which consistently gave
>30 spot-forming units (SFU)/2 � 105 splenocytes (Figure 6B), as
stimuli in experimental ELISpot assays. We observed a significant
increase in SFUs in ferrets of the NT group (44.9 ± 9 SFUs, n = 13
ferrets) vs. the splenocytes from naive ferrets (10 ± 2.4 SFUs, n =
15 ferrets) (Figure 6C; p < 0.001). Likewise, the immune responses
observed in the ferrets of both the MP and Tri-IS redosing treatment
groups were significantly greater (p < 0.001) compared with the naive
splenocytes, but neither the MP nor the Tri-IS groups were signifi-
cantly different than the NT group (Figure 6C). These results suggest
that the immunosuppressive strategies used here had a limited effect
on suppressing the cellular immune responses to rAAV2.5T. Given
the similar SFU between all vector treated groups with differing trans-
duction efficiencies, the cellular responses may not limit the efficacy
of rAAV2.5T redosing in the ferret model.

DISCUSSION
Ferrets and humans have a high level of similarity in airway cytoarch-
itecture, and thus ferrets have been used to model human respiratory
virus infections and genetically inherited pulmonary diseases.39–41

For example, submucosal glands in the cartilaginous airways play
important roles in lung innate immunity through the secretion of
anti-microbial and anti-viral proteins, and the distribution of these
structures is conserved between ferret and human but not mice. We
lar Therapy: Methods & Clinical Development Vol. 29 June 2023 73
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Figure 3. Level of AAV2.5T-specific neutralizing antibody (NAb) in BALF and plasma following AAV2.5T redosing

NAb titers in the (A) BALF and (B) plasma following intratracheal delivery of rAAV2.5T-fCFTRDR at 4 weeks of age, followed by rAAV2.5T-gLuc 4 weeks later. Results showed

as mean ± SEM. The average NAb titer of the naive group was below the limits of detection in both BALF and plasma. 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. ns, not significant. n = 15

animals in each group.
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have developed CFTR-knockout and CFTR-G551D ferrets that
develop a human-like CF disease phenotypes in the lung, pancreas,
gallbladder, liver, and intestine.40,41

While gene therapy studies in CF ferrets will ultimately be needed to
validate the efficacy of gene therapy approaches, several unsolved
questions remain prior to embarking on studies in CF ferrets. For
example, any gene replacement approach will likely require repeated
administration due to increased cellular turnover in the inflamed and
infected CF lung. Thus, in the context of rAAV applications, knowl-
edge of the immune responses that limit efficacy following repeated
administration is needed in wild-type animals prior to tackling poten-
tially altered rAAV immunology in the diseased CF lung. Similarly,
the efficiency of airway transduction with rAAV vectors in wild-
type ferret lungs may be reduced in CF animals due to mucus accu-
mulation in the airways. Lastly, immunosuppressive strategies to
mitigate humoral and cellular responses that limit readministration
and durability of transgene expression come with potential complica-
tions when used in the setting of chronic bacterial infection. To un-
derstand how the environment of the CF lung impacts efficacy of
rAAV-based therapies, baseline studies in wild-type animals are
needed. Thus, this study provides baseline data on immunosuppres-
sive strategies that improve the efficacy of rAAV repeat dosing in the
ferret lung.

Management of the humoral and cellular immune responses to AAV
vector-based gene therapeutics is paramount to clinical translation of
gene-based molecular therapies. Indeed, FDA-approved gene-based
treatments, including AAV gene therapeutics for vision loss, caused
by biallelic RPE65 mutation-associated retinal dystrophy,42,43 and
spinal muscular atrophy (SMA) type I,44,45 incorporate corticoste-
roids tomitigate the inflammatory consequences of rAAV application
in humans. rAAV-mediated gene therapies for CF lung disease have
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to contend with a diseased lung with significant preexisting inflam-
mation coupled with a higher rate of turnover of airway epithelial cells
due to established disease.46 Given that the rAAV genome persists as a
circular episome11,12,47 and is diluted with cell division or turnover, it
is likely that repeat administration of an rAAV vector therapeutic will
be required, especially during the initial phases of treatment and until
disease is stabilized.

Different mitigation strategies to inhibit the host immune responses
in order to maximize the efficiency of rAAV repeat dosing have
been developed and tested in animal models.48,49 In the present study,
we sought to evaluate two immunosuppressive regimens (MP and
Tri-IS) to improve the efficacy of repeat administration of rAAV2.5T
to ferret lungs. Overall, our studies demonstrated that both MP and
Tri-IS were efficacious in improving transgene expression following
rAAV2.5T redosing. This improvement appears to be largely due to
the blunting of the humoral NAb response following the first vector
administration, with baseline plasma NAb and capsid-binding anti-
body titers prior to the vector redosing being reduced in the immuno-
suppressed vs. naive groups. These reductions in plasma NAb and
capsid-binding antibody titers were also sustained for the 14-day
period following redosing when IS was stopped, at which time NAb
titers in the BALF were also significantly lower in the MP and
Tri-IS groups.

While preexisting humoral immunity to the AAV capsid is known to
be a major barrier to redosing, the activation of cytotoxic T lympho-
cyte (CTL) responses to the AAV capsid can also lead to the destruc-
tion of transduced cells.21 Glucocorticoids, such as MP, are strong
immunosuppressive and anti-inflammatory agents that act broadly
on the endocrine and immune system.50 Cyclosporine A and its der-
ivates preventT cell activation via the formation of a tripartite complex
that includes cyclophilin A, CsA, and calcineurin, which inhibits
23



Figure 4. AAV2.5T-binding immunoglobulin (Ig) isotype in plasma and BALF

(A–C) Plasma was harvested at the indicated time points post-rAAV2.5T-gLuc redosing for analysis of AAV2.5T-binding (A) IgG (diluted 4,000-fold for the 0-, 5-, and 10-day

samples and 16,000-fold for the 14-day samples), (B) IgM (diluted to 1:2,000), and (C) IgA (diluted to 1:20). (D–F) Neat undiluted BALF was used for analysis of AAV2.5T-

binding (D) IgG, (E) IgM, and (F) IgA. Results are presented as the mean ± SEM. Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test.

Statistical significance is noted as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant. n = 15 animals in each group.
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NFAT translocation to the nucleus in T cells.51 Azathioprine, which
belongs to the thiopurine family of drugs, inhibits purine synthesis
and slows cell proliferation within the immune system.52We expected
that the combination of all three of these immunosuppressive drugs
(Tri-IS) would be more effective than MP alone if CTL involvement
limited transgene expression following AAV2.5T redosing. Notably,
we observed no difference between the Tri-IS and NT groups when
comparing ELISpot splenocyte IFN-g responseswithAAV2.5T capsid
peptide stimulation. This finding was consistent with the lack of
change in splenocyte IFNG mRNA levels between Tri-IS and NT
groups. Although all rAAV redosing groups presented with elevated
AAV2.5T-reactive splenocytes relative to naive animals, the fold
change was small (�5-fold). In previously published studies, similar
results were reported with AAV-treatedmacaques, where oral predni-
sone had no significant effect on splenocyte-derived T cell responses as
measured by IFN-g-based ELISpot assays.53 Thus, we interpret the
similar action ofMP andTri-IS in improving the efficacy of rAAV2.5T
redosing in the ferret to be consistent with lack of significant T cell re-
sponses against the rAAV2.5T capsid. One potential caveat is that
lung-resident T cells within the lymph nodes may have different levels
of T cell reactivity between the redosing groups. While the difference
in gLuc activity in the redosing MP and Tri-IS groups did not reach
significance, gLuc expression trended lower in the MP group, which
may be due to greater resident T cell suppression by Tri-IS.

Cytokines play an important role in coordinating immune responses
and their resolution. Our analysis of the splenocyte Th1, Th2, and
Molecu
pro-inflammatory cytokines demonstrated that Tri-IS blunted the
IL-2 (Th1), IL-4 (Th2), and TNF-a (pro-inflammatory) responses
to AAV2.5T redosing compared with the MP group. Furthermore,
the combined analysis of all seven cytokines demonstrated significant
suppression in the Tri-IS groups compared with the MP and NT
groups. Although Tri-IS led to greater IS, this level of suppression
did not significantly enhance transgene expression following redosing
when compared with the treatment with MP alone. Thus, in the
context of CF, the MP immunosuppressive regimen appears to be
best suited for enhancing the efficacy of AAV2.5T redosing.
Additional studies evaluating the duration of IS required to improve
redosing of AAV2.5T in airway are still needed.

Limitations of our study include the likelihood of a humoral and/or a
cellular response against gLuc, which was used for quantification of the
effectiveness of AAV2.5T redosing. For example, the positive yet low-
level T cell responses in all redosing groups may be the result of cellular
immune responses against gLuc. While the study impact of cellular
and/or humoral immunity against gLuc remains unclear, future redos-
ing studies will need to be performed using barcoded AAV2.5T-SP183-
fCFTRDR vectors, in which synonymous mutations are introduced
into the CFTR coding sequences of the two vectors evaluated. Thus,
the capsid is the only foreign protein. These changes will enable the
discrimination of endogenous CFTRmRNA from both of the sequen-
tially delivered vector-derived CFTR transcripts. The current study has
established many of the parameters needed for a more in-depth anal-
ysis of the immunologic responses to AAV2.5T readministration.
lar Therapy: Methods & Clinical Development Vol. 29 June 2023 75

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Methods & Clinical Development

76 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2023



www.moleculartherapy.org
Since most patients with CF have inflamed airways in the presence
and even in the absence of infection,54 the use of IS drugs in these pa-
tients will need to be carefully considered. While controversial, some
reports have suggested that prednisone can slow lung disease progres-
sion in patients with CF,55 and ongoing clinical studies in patients
with CF using a combination of antibiotics and prednisone may
provide better clarity on the parameters of steroid use in this patient
population.56 Other relevant issues include a greater than 30%
prevalence of anti-AAV5 NAbs detected in large international co-
horts of healthy donors and patients with hemophilia A or B.57,58

In our studies, the combination of IS with rAAV2.5T administration
to the ferret lung improves the efficiency of redosing by significantly
blunting the AAV2.5T NAb responses. While our study was designed
to exaggerate rAAV2.5T-specific immune responses (i.e., a short in-
terval between the first and the second doses of AAV2.5T) and to
evaluate the strength of two immunosuppressive strategies (MP vs.
Tri-IS), several important questions remain prior to clinical applica-
tion. These include the length of IS required for improved efficacy of
redosing and the durability of the NAb responses in the lung. The
latter of these questions may be impacted by the interval of
AAV2.5T redosing required for the sustained clinical benefit in the
CF lung. Our study provides a context for understanding the impact
of humoral and cellular immune responses in clinical applications of
rAAV2.5T to the CF lung.

MATERIALS AND METHODS
Production of rAAV2.5T virus vector

AAV2.5T vectors expressing ferret CFTRDR (AAV2.5T-SP183-
fCFTRDR), firefly luciferase (AAV2.5T-SP183-fLuc), and gLuc
(AAV2.5T-SP183-gLuc) were prepared as previously described.15

Briefly, HEK293 cells were transfected with the AAV capsid, pAV2.5-
Trepcap, adenovirus helper pAd4.1, and the AAV pro-viral vector
with AAV2 ITR sequences plasmids. rAAV vectors released from
the transfected HEK293 cells were purified on an iodixanol cushion
by ultracentrifuge followed by two cesium chloride (CsCl)-density
gradients. Titers were determined as DNase-I-resistant particles
(DRPs) by TaqMan qPCR with primers and probes specific to each
transgene. The purity of each vector stock was confirmed by
SDS-PAGE after silver staining.

Animal dosing

Four-week-old juvenile wild-type ferrets (n = 15 per experimental
group) were anesthetized with a mixture of ketamine and xylazine
injected subcutaneously and were i.t. administered AAV2.5T-
SP183-fCFTRDR at a dose of 1 � 1013 DRP/kg body weight (BW).
Four weeks later, anesthetized ferrets were administered 1 � 1013
Figure 5. Splenocytes cytokine mRNA levels following repeat dosing of rAAV2

(A–G) Cytokine mRNAs were quantified by reverse transcriptase TaqMan qPCR using b-

(G), and (H) represents a combined analysis of all cytokines. The 2(�DDCq) value was tra

were conducted using R (v.4.0.4). The random intercept mixed-effects model was fit u

comparison with p values calculated with ANOVA for (A)–(G) andmixed-effects model fo

triangles. Statistical significance is noted as ✧p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.0

Molecu
DRP/kg BW AAV2.5T-SP183-gLuc. The ferrets were dosed
using a microsprayer aerosolizer (PennCentury, model IA-1B). The
AAV2.5T vector inoculum contained doxorubicin at a concentration
of 200 mM, and the administered volume was normalized to ferret BW
at 2 mL/kg BW.

Daily administration of immunosuppressants started 2 days before
the first vector dose and continued until the dosing day of the second
vector dose (30 days of total dosing). Specifically, the cyclosporine
(1 mg/kg BW, Novartis) and MP (2 mg/kg BW, Pfizer) were admin-
istered intraperitoneally, and azathioprine (2 mg/kg BW, Wedge-
wood Pharmacy) was given orally. The antibiotic Baytril (10 mg/kg
BW, Bayer) was injected daily subcutaneously to prevent bacterial
infection in the immunosuppressed ferrets.

Measurement of gLuc activity in plasma and BALF

On days 0, 5, 10, and 14 after the delivery of the AAV2.5T-SP183-
gLuc vector, blood was drawn from the jugular vein of anesthetized
ferrets and collected into heparinized tubes for plasma isolation.
The experiments were terminated at 14 days post-second vector
administration. Ferrets were euthanized with Euthasol (Virbac
AH), and BALF was collected by lavage of the trachea/lung cassette
using 5 mL PBS per 300 g BW. The gLuc activities in plasma (5 mL)
or BALF (5 mL) were immediately measured after sample collection
using a Renilla Luciferase Assay Kit (Promega).

Titration of AAV2.5T NAb and capsid-binding antibody levels in

plasma and BALF

The level of NAbs in the plasma and BALF was quantified using a mi-
croneutralization assay based on the transduction of A549 cells using
AAV2.5T-SP183-fLuc incubated with serially diluted plasma or
BALF as previously described.15,59 fLuc activity in cell lysates was
measured using a Firefly Luciferase Assay Kit (Promega). The titers
of AAV2.5T NAbs in each plasma or BALF sample were 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 and previ-
ously described methods.15 rAAV5 was used since the VP2 and the
VP3 capsid proteins of AAV2.5T are derived from AAV5 with a
single A581T mutation. We have previously shown that the use of
rAAV5 or rAAV2.5T vectors as the capture antigen gives similar
quantification of anti-AAV2.5T capsid-binding antibodies by
ELISA.15

Quantitative analysis of cytokines by TaqMan PCR

To investigate the immune responses following rAAV2.5T delivery to
the lung, the mRNA expression of pro-inflammatory cytokines IL-2,
.5T to the ferret lung

actin as housekeeping gene for normalization. Individual cytokines are shown in (A)–

nsformed to log(n,10) value before doing statistical analysis. The statistical analyses

sing R package lmer4 (v.1.1.27.1). Tukey’s method was used for post hoc pairwise

r (H). Themean value is indicated as a plus symbol (+). The outlier is indicated as solid

01, ****p < 0.0001. ns, not significant. n = 12–15 ferrets/group.
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Figure 6. AAV2.5T redosing elicits AAV2.5T-specific T cell activation

(A) T cell responses against specific peptides of the AAV2.5T capsid. Seventy-two 15-mer peptides with a 5-mer overlapping sequence were synthesized. As a positive

control, splenocytes were harvested from three ferrets that were dosed three times with rAAV2.5T using intratracheal and intramuscular delivery (see materials and methods

for details). Three naive ferrets served as negative controls. Each peptide (1 mg/mL) was used as stimulus to induce 2 � 105 splenocytes. The total number of SFUs (spot

forming units) was calculated as SFUs in the presence of peptides minus the SFUs with media alone. The positive stimulation control was PMA (10 ng/mL) + ionomycin

(0.2 mg/mL), and media only was used as a negative control. (B) Secondary screen of reactive peptides identified in the primary peptide library screen in (A). Peptides that

resulted in SFUs >30 in (A) were used in this secondary screen. (C) Peptides 52 (GMTNNLQGSNTYALE), 56 (TSESETQPVNRVAYN), 65 (NTPVPGNITSFSDVP), and 66

(FSDVPVSSFITQYST) were pooled for use in the ELISpot-based analysis of rAAV2.5T repeat-dosed ferrets and naive controls. Data are presented as the mean ± SEM.

Statistical significance was analyzed by one-way ANOVA followed by the Tukey’s multiple comparison test with ***p < 0.001. ns, not significant.
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IL-4, IL6, IFN-a, IFN-b, IFN-g, and TNF-a was evaluated in spleno-
cytes using TaqMan RT-PCR. b-Actin mRNAwas used as an internal
control for transcript normalization. Details on the primers and
probes used for TaqMan RT-PCR are provided in Table S1.

IFNg-ELISpot analysis of ferret T cell responses

The T cell responses to the rAAV2.5T capsid were measured using a
ferret IFNg-ELISpot assay (Mabtech, Cincinnati, OH, USA). For
AAV2.5T epitope mapping, we used a library of 72 15-mer synthetic
peptides with 5-mer overlapping sequences that spanned the entire
amino acid sequence of the VP1 of the AAV2.5T capsid protein.

Splenocytes from positive control (AAV2.5T-SP183-fCFTRDR-
administered) ferrets (n = 3) were used to screen for immunoreactive
capsid peptides within the AAV2.5T capsid. In brief, the ferrets were
administered three doses of AAV2.5T-SP183-fCFTRDR at 2-week in-
tervals between dosing and beginning at 1 month of age. The first and
second doses of vector (1 � 1013 DRP/kg BW) were i.t. administered.
The third dose of vector was delivered both i.t. and i.m. (5 � 1012

DRP/kg BW for each), since i.m. delivery of an antigen can induce
a high level of cellular immune response. Two weeks after the last
78 Molecular Therapy: Methods & Clinical Development Vol. 29 June 20
dose of vector, splenocytes were isolated and cryopreserved in
CryoStor CS10 media (StemCell Technologies). Three age-matched
naive ferrets were used to harvest naive control splenocytes.

For the IFN-g ELISpot assay, splenocytes were thawed, washed, and
counted. Phorbol 12-myristate 13-acetate (PMA; 10 ng/mL, Sigma)
and ionomycin (0.2 mg/mL, Sigma) were used as a positive control
for splenocyte responses, and media alone (i.e., no stimulation) was
used as a negative control. Controls and peptide antigens (1 mg/
mL) were added to each well (n = 3) containing splenocytes
(2 � 105/well). The number of SFUs per well was determined using
an Immunospot plate reader (Astor, Mabtech), and results were ex-
pressed as SFU/2 � 105 cells after subtracting the SFU from the me-
dia-alone negative control. Of the 72 capsid peptides screened, the 4
peptides with the highest SFUs (peptides 52, 56, 65, and 66) were
pooled to stimulate ferret splenocytes in the subsequent rAAV2.5T
dosing study that evaluated the impact of IS.

Statistical analysis

The experimental data are presented as mean ± standard error of the
mean (SEM), and Prism 9 (GraphPad Software) was used for the data
23
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analyses. The statistical significance between multiple groups was
determined using one-way analysis of variance (ANOVA) followed
by Tukey’s test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
In Figure 2, the data were log2 transformed before ANOVA and
the Tukey test because of the large range in values. In Figure 3,
log2(values +1)-transformed data were used before ANOVA and
the Tukey test because certain samples returned an IC50 of zero
because of the lack of a clear dose response. In Figure 5, the 2(�DDCq)

value was transformed to log(n,10) prior to statistical analysis with R
(v.4.0.4). The random intercept mixed-effects model was fit using R
package lmer4 (v.1.1.27.1).
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