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Selecting the most efficient recombinant adeno-
associated virus (rAAV) serotype for airway gene therapy 
has been difficult due to cross-specific differences in tro-
pism and immune response between humans and ani-
mal models. Chimpanzees—the closest surviving genetic 
relative of humans—provide a valuable opportunity to 
select the most effective serotypes for clinical trials in 
humans. However, designing informative experiments 
using this protected species is challenging due to lim-
ited availability and experimental regulations. We have 
developed a method using Renilla luciferase (RL) and 
firefly luciferase (FL) reporters to directly index the rela-
tive transduction and immune response of two promis-
ing rAAV serotypes following lung coinfection. Analysis 
of differential luciferase activity in chimpanzee airway 
brushings demonstrated a 20-fold higher efficiency for 
rAAV1 over rAAV5 at 90 days, a finding that was similar 
in polarized human airway epithelia. T-cell responses to 
AAV5 capsid were stronger than AAV1 capsid. This dual 
vector indexing approach may be useful in selecting lead 
vector serotypes for clinical gene therapy and suggests 
rAAV1 is preferred for cystic fibrosis.

Received 9 February 2009; accepted 5 September 2009; published online 
13 October 2009. doi:10.1038/mt.2009.230

Introduction
The pursuit of a safe and effective gene therapy for cystic fibro-
sis (CF) has been impeded by the inability of existing preclini-
cal models to accurately predict the efficiency of gene transfer 
in human airway epithelial cells or the magnitude of immune 
responses to gene transfer vectors. Many studies have used rodent 
or lagomorph species to predict in vivo efficacy of gene transfer 
and immune responses. A lesser, but significant, body of data has 
been generated with a variety of nonhuman primate species.1–6 
These species are more closely related to humans genetically, yet 
they still vary widely in their relative permissiveness for a variety 
of viruses and viral vectors.

The use of differentiated airway epithelia cultured at an air–
liquid interface and related techniques has allowed for rapid access 

to differentiated airway epithelial cells from a variety of rodent and 
primate species.7,8 These culture models reproduce many aspects 
of native airway cell morphology, gene expression, and function.9 
Recently, differentiated airway epithelial cell cultures have been used 
to evaluate the relative efficiency of recombinant adeno-associated 
viral (rAAV) vectors across a range of species.10–13 Interestingly, 
recent studies have demonstrated disparate results between human 
airway epithelia and those derived from a variety of lower nonhu-
man primates and rodents.10,13 In particular, rAAV5-based vectors 
perform very well in mice and in differentiated airway cultures from 
mouse and lower primate species, whereas rAAV1-based vectors 
perform significantly better in human airway cultures. Preclinical 
studies in lower primates (monkey) using rAAV2 virus have also 
demonstrated clear efficacy for prolonged transgene expression 
in vivo in the lung3 and in vitro in monkey polarized airway epi-
thelia.10 However, clinical trials using a rAAV2 vector have failed 
to give rise to transgene-derived mRNA in human CF lungs14 and 
also perform poorly in human polarized airway epithelia.10 This 
has raised questions about the manner in which clinical rAAV vec-
tors are tested and chosen for human trials. Faced with an increas-
ing number of rAAV serotypes,15 it is unclear what models may be 
best to predict clinical efficacy.

Chimpanzees are by far the closest genetic relatives to Homo 
sapiens (Figure 1). In fact, chimpanzees are more closely related 
to humans than they are to gorillas, and the relatedness to monkey 
species is much more distant. One might predict, therefore, that 
chimpanzees would serve as a superior model for predicting the 
behavior of viruses in humans than would other nonhuman pri-
mate species. Experience with viral pathogens would tend to sub-
stantiate that hypothesis. Specifically, important human pathogens 
such as hepatitis C virus and respiratory syncytial virus have only 
been successfully modeled in chimpanzees, in terms of their full 
infectious life cycle.16,17

Based on these observations, we sought to determine whether 
we could validate the findings from differentiated human airway 
epithelial cell cultures, with regard to the relative efficiency of gene 
transfer among the most newly available rAAV serotypes that 
might be used for CF gene therapy. A wide range of studies have 
suggested that rAAV vectors crosspackaged or “pseudotyped” into 
capsids of rAAV5, rAAV1, or rAAV6 could be much more efficient 
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than the original rAAV2 vectors for delivery of reporter genes or 
of CF transmembrane conductance regulator to the airway. We 
chose to compare rAAV5 and rAAV1, excluding rAAV6 from this 
analysis because it is so closely related to rAAV1.18 Because of the 
regulated nature of chimpanzee studies, requiring studies be done 
in a small number of animals without terminal procedures, we 
developed a dual reporter system which allows for comparative 
assessment of vector performance following coadministration of 
two different vector serotypes to the same animal. This approaches 
used two similar reporters [firefly luciferase (FL) and Renilla 
luciferase (RL)] driven from the same promoter and allowed for 
simultaneous detection within the same tissue biopsy. The findings 
presented here from these in vivo chimpanzee studies are consistent 
with those obtained from human differentiated airway cell cultures 
and strongly suggest that rAAV1 has significant advantages, both 
in terms of overall higher efficiency and lower immunogenicity.

Results
Validation of dual luciferase reporters  
in polarized human airway epithelia
Before initiating studies in chimpanzees, it was important that the 
dual reporter vector approach be validated for accuracy in polar-
ized human airway epithelia. The goal of these studies was to (i) 
determine differences in the specific activities of the FL and RL 
transgenes so direct comparisons could be made in a single sample, 
and (ii) to assure that coinfection of epithelia with two indepen-
dent rAAV serotypes did not alter the efficiency of transduction 
of each serotype alone. To assess relative differences in the specific 
activity of the two luciferase reporters, rAAV1-CB-FL and rAAV1-
CB-RL vectors were used to independently infect polarized human 
airway epithelia and the relative luciferase activities were assessed 
at 20 and 30 days after infection (Figure 2a). Results from these 
experiments demonstrated that RL was 14-fold more sensitive than 
FL. Hence, when comparing RL to FL activities within the same 
sample, a correction of 1 FL unit = 14 RL units was used.

We next sought to evaluate the differences in efficiency of rAAV1 
and rAAV5 vectors to transduce polarized human airway epithe-
lia using the same RL reporter encoded into each vector serotype 
(Figure  2b). Results from these experiments demonstrated that 
rAAV1 was ~120-fold more effective at transducing human airway 
epithelia in comparison to rAAV5. Such differences are similar to 
previous comparisons of rAAV1 and rAAV5 using a FL reporter.11 
Lastly, we tested whether this 120-fold difference in efficiency would 
be similarly obtained using the dual reporter vectors proposed for 
use in the chimp study. In this context, primary human airway epi-
thelia were coinfected with rAAV1-CB-FL and rAAV5-CB-RL vec-
tors (the same vectors used for the chimp studies). Figure 2c shows 
the raw data from these experiments, whereas Figure 2d shows the 
data corrected for the 14-fold difference in the specific activity of 
the two luciferase reporters. Results from these dual reporter experi-
ments demonstrated an ~120-fold higher efficiency of rAAV1 as 
compared to rAAV5, a finding that closely mirrored results of single 
infection studies with the two serotypes using the same RL reporter 
(Figure  2b). These findings demonstrated that indeed the dual 
reporter system could be used to accurately assess relative transduc-
tion of two independent rAAV serotypes in the same sample.

Direct comparison of efficiency of rAAV1 and rAAV5 
vectors in the chimpanzee airway in vivo
As in vitro polarized airway epithelia cannot fully model all aspects 
of in vivo gene deliver to the lung, we sought to assess differences in 
rAAV1 and rAAV5 transduction in four adult chimpanzees using 
the dual reporter system. A single mixture containing 1 × 1013 vg 
particles of each rAAV1-CB-FL and rAAV5-CB-RL virus was 
administered to chimpanzees by fiberoptic bronchoscopy with direct 
aerosol administration, using a Penn–Century MicroSprayer device 
(Penn–Century, Philadelphia, PA) positioned in the distal trachea. 
Bronchial brush biopsies were obtained before vector administra-
tion and on days 14, 45, and 90 after vector administration. Protein 
extracts of the brush biopsy samples were then assayed for both FL 
and RL activities. By day 14 after vector administration, a signifi-
cant elevation of luciferase activity from each vector was noted, with 
rAAV1 rising faster than rAAV5 (Figure 3). By day 45, an ~20-fold 
greater level of rAAV1 transduction over rAAV5 was observed and 
this difference in luciferase expression persisted to day 90, which 
was the last point at which biopsies were taken (Figure 3).

Immune responses to AAV capsid components
In order to determine whether there were serotype specific differ-
ences in the immune responses to either of the AAV capsids, anti-
bodies to each were determined by enzyme-linked immunosorbent 
assay and neutralizing antibody assay, and cellular responses were 
measured using a interferon-γ enzyme-linked immunosorbent 
spot (ELISPOT) assay. There was a clear difference noted between 
the serotypes in terms of the cellular responses to AAV capsids. 
AAV5 elicited a significant ELISPOT response in three of the four 
chimpanzees (Figure  4). Two of the chimpanzees demonstrated 
transient responses; one persisted from days 14 to 110, which was 
the last time point for these assays. In contrast, zero of the four ani-
mals responded to AAV1 capsid peptide pools (Figure 4). Similarly, 
total and neutralizing antibody responses were more robust against 
AAV5 capsid in comparison to AAV1 capsid components. These 
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Figure 1  Illustration of a primate evolutionary tree. From this tree it 
is evident that chimpanzees are more closely related to modern humans 
than are any of the other primates. Chimpanzees and modern humans 
diverged from a common ancestor around 7 million years ago, this dia-
gram also shows that chimpanzees are more closely related to humans 
than they are to any other primate including gorillas.
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differences were sustained through day 90, which was the last time 
point for which data is available (Figure 5 and Table 1). In order 
to determine whether differences in immunogenicity to the trans-
gene could account for the observed differences in expression, 
an interferon-γ ELISPOT on peripheral blood mononuclear cells 
(PBMCs) at day 110 post-delivery was performed using either a 
FL or RL peptide library. Whereas AAV1 capsid did not elicit a 
positive response as shown above, three out of four chimpanzees 
mounted positive responses to one or more of the firefly peptide 
pools, while the Renilla gene delivered by rAAV5 only caused a 
significant response in one out of four chimps (Figure  6). This 
suggests that immune clearance targeting the expressed transgene 
product could not account for the lower expression observed with 
rAAV5, however, it remains unclear whether the rAAV1 delivered 
firefly is indeed more immunogenic or whether the higher expres-
sion of the transgene that ensued post-transduction may have posi-
tioned it for a more robust immune response.

Discussion
The results presented here demonstrate clear advantages for 
rAAV1 over rAAV5 in the chimpanzee airway, both in terms of a 
superior level of gene transfer and reduced immunogenicity of the 
rAAV1 capsid. Our working hypothesis is that these two findings 
are independent of one another. If the differences in transduction 
were due solely to the lack of effector T-cell responses to rAAV1, 
we would not have expected the findings to mirror those observed 

in the human airway epithelial cell cultures, where no immune 
cells are present. If these do represent two independent advan-
tages, they would both operate in favor of improved efficacy of 
rAAV1-based vectors for gene therapy of CF.

The work represented here in chimpanzees is validated by 
studies of these serotypes in well-differentiated human airway 
epithelia, suggesting that both human polarized airway epithelia 
and the dual reporter coinfection approach can predict efficacy of 
rAAV vectors in vivo. For example, in vivo analysis demonstrated 
a ~20-fold higher level of rAAV1 transduction over rAAV5, 
whereas in vitro analysis in human airway epithelia demonstrated 
an ~120-fold differential (rAAV1 > rAAV5).

Previous studies have suggested that heparin binding can 
direct activation of T cells against AAV2 capsid.19 Because AAV1 
and AAV5 do not bind heparin,20,21 one might have predicted that 
both serotypes would elicit a lesser effector T-cell response. Given 
the higher T-cell response found against AAV5 capsids, these 
findings suggest that alternative nonheparin binding epitopes also 
influence serotype-specific T-cell responses in higher primates.

As with respiratory syncytial virus, the in vivo behavior of 
respiratory syncytial virus in chimpanzees was consistent with 
that observed in human cells, whereas the behavior in lower pri-
mate airway cells was not.16 This discrepancy could be due to dif-
ferences in the sequence, structure, or distribution of cell surface 
proteins and glycoproteins that might serve as receptors for the 
various serotypes.
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Figure 2  Validation of FL and RL dual reporter AAV1 and AAV5 vectors in primary human polarized airway epithelia. 5 × 109 particles of each 
of the indicated rAAV vectors were applied alone or in combination to the apical membrane of polarized human airway epithelia and luciferase expres-
sion was assayed at 20 and 30 days post-infection. 1/50th of the crude cell lysate was used for luciferase activity measurement. Data represents the 
mean (±SEM) relative luciferase activity from six independent infections. (a) rAAV1 vectors encoding the FL (AAV1-CB-FL) or RL (AAV1-CB-RL) report-
ers were independently infected into polarized airway epithelia. These findings were used to calculate the differences in specific activity between the 
two luciferase transgenes using an average of both 20 and 30 day time points; RL has a 14-fold higher sensitivity than FL (1 FL unit = 14 RL units). 
(b) The comparison of rAAV1 and rAAV5 transduction with a single-RL reporter. Human airway epithelia were infected independently with either 
AAV1-CB-RL or AAV5-CB-RL vectors and transgene expression was assessed at the indicated time points. (c,d) The dual-luciferase reporter assay was 
applied to compare the transduction efficiency following coinfection of human airway epithelia with AAV1-CB-FL and AAV5-CB-RL. The raw data for 
relative light units from FL and RL measurement are shown in c and the corrected relative luciferase activities from the two different vectors are shown 
in d using a correction of 1 FL unit = 14 RL units as determined in a. Fold differences (~120-fold) in the efficiency of transduction for rAAV1 and rAAV5 
vectors using the dual reporter assays (d) closely matched the data from the single reporter assays shown in b. FL, firefly luciferase; rAAV, recombinant 
adeno-associated virus; RL, Renilla luciferase.
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As the number of AAV serotypes available for use as vectors 
continues to increase, it is essential that model systems be evalu-
ated as to their predictive value with regard to the ultimate safety 
and efficacy of each vector in humans. In order to truly fulfill these 
characteristics, a model system must ultimately be shown to yield 
results that are consistent with late phase clinical trial results. 
Based on that reasoning, the predictive utility of the chimpanzee 
model in evaluating new AAV serotypes will not truly be known 
until such clinical data becomes available with serotype vectors 
that have gone through chimpanzee-based testing. Until that time, 
the consistency between in vivo results in chimpanzees and results 
in human cell culture model systems, suggest a reasonable likeli-
hood of a high predictive value for these models.

Materials and Methods
Plasmid construction and viral packaging. pAV-CMV-flag-luc contain-
ing AAV2 ITR and flag-tagged FL reporter was obtained from Targeted 
Genetics (Seattle, WA). The cytomegalovirus promoter in pAV-CMV-flag-
luc was replaced with the cytomegalovirus enhancer linked β-actin promoter 
segment from pTR2CB-cftrD264, the resultant AAV proviral plasmid was 
designated as pAV2-CBA-flag-FL. RL gene was derived from the plasmid 
pSVRL (Promega, Madison, WI). An HA-tag was fused in-framed to the 
N-terminus of the RL gene by PCR cloning. The RL AAV proviral vector 
(called pAV2-CBA-HA-Rlplus) was constructed by replacing flag-tagged 
FL gene with the HA-tagged RL in pAV2-CBA-flag-FL, together with a 
750-bp SacI segment from LacZ gene as stuffer. Incorporation of the stuffer 
was used to keep the viral genome of the Renilla reporter virus similar in 
length with that of FL vector.

Vectors were packaged and purified using a standard co-transfection 
technique in human embryonic kidney-293 cells and produced as 
previously described.22 Briefly, the vectors were produced via calcium 
phosphate based co-transfection of plasmid DNA into human embryonic 
kidney-293 cells. Following the transfection reaction, the cells were 
incubated for ~66 hours at 37 °C, 5% CO2, and 85% relative humidity. The 
cells were harvested following the incubation period and subjected to three 
freeze/thaw cycles (freezing in dry ice/ethanol and thawing at 37 °C). The 
resultant cell lysates were treated with magnesium and benzonase then 
incubated for 30 minutes at 37 °C. After the benzonase digest the lysates 
were centrifuged at 4,000 g for 20 minutes to remove cellular debris.

The partially clarified lysates were applied to the top of the iodixanol 
step gradient and ultracentrifuged at 350,000 g for 1 hour at 18 °C. 
Approximately 5 ml of the gradient at the 60–40% interface is retrieved 
by way of side-puncture of the centrifugation tube and aspiration using a 
syringe. The iodixanol aspirates were pooled and diluted 1:1 with a low salt 
wash buffer to decrease the high viscosity of the iodixanol solution before 
application to the chromatographic media. Once diluted and following 
column equilibration the sample was loaded onto an GE HiTrap column 
containing “Q Sepharose High Performance” anion exchange media (5-ml 
bed volume), at a volumetric flow rate of 5 ml/min. Immediately after the 
sample is completely loaded the column, it is washed with 10 column 
volumes of low salt buffer. The virus containing fraction is eluted by 
increasing the sodium chloride concentration to 350 mmol/l. The eluent 
(sublot) was collected and tested for purity and titer by polyacrylamide gel 
electrophoresis/silver stain and dot blot before pooling. The sublots were 
stored at −80 °C until all sublots were completed and tested.

The sublots were pooled before buffer exchange and concentration. 
The buffer exchange and concentrations were preformed using “high-
performance centrifugal concentrators”. The buffer exchange continued 

0
A242BA A225B A192E A212C

AAV1

AAV5

1,000

2,000

3,000

(Day 14)

A
A

V
1 

an
d 

A
A

V
5 

lu
ci

fe
ra

se
 e

xp
re

ss
io

n
in

 b
ro

nc
hi

al
 b

ru
sh

in
gs

 (
R

LU
s)

4,000
a

0 10
0 20 40

Time (days)
60 80 100

100

1,000

10,000

A242BA A225B A192E A212C

AAV1

AAV5

1,000

2,000

3,000

(Day 90)

A
A

V
1 

an
d 

A
A

V
5 

lu
ci

fe
ra

se
 e

xp
re

ss
io

n
in

 b
ro

nc
hi

al
 b

ru
sh

in
gs

 (
R

LU
s)

4,000
AAV1-CB-FL
AAV5-CB-RL

c d

0
A242BA A225B A192E A212C

AAV1

AAV5

1,000

2,000

3,000

(Day 45)4,000
b

Figure 3  In vivo direct comparison AAV1 and AAV5 vectors in chimpanzee airways after aerosol delivery with a FL and RL dual reporter assay. 
The airways from four chimpanzees were aerosolized with a mixture of AAV1-CB-FL (1 × 1013 vg) and AAV5-CB-RL (1 × 1013 vg) with the use of a 
bronchoscopic microsprayer. Bronchial brushings were taken at (a) day 14, (b) day 45, and (c) day 90 to determine expression levels with a dual 
reporter luciferase assay. (c) Time course showing average luciferase activity for AAV1 and AAV5 expression in the four chimpanzees ± SEM. FL, firefly 
luciferase; AAV, adeno-associated virus; RL, Renilla luciferase; RLU, relative luminescence unit.
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Figure 4 R epresentative ex vivo IFN-γ ELISPOT assay results. Representative raw data is shown in terms of the numbers of SFCs per million PBMCs 
at each of the time points indicated. Each graph represents PBMCs from a single chimpanzee stimulated with either an AAV1 or AAV5 peptide pool 
as shown in the legend. PBMCs were subjected to an IFN-γ ELISPOT assay by stimulation with the respective AAV capsid pools or medium alone (no 
peptide). Each set of asterisks indicate responses that are statistically above background. Samples were compared using Student’s t-tests, *P ≤ 0.05. 
(*Indicate responses that are over threefold of response from medium control). AAV, adeno-associated virus; IFN-γ ELISPOT, interferon-γ enzyme-
linked immunosorbent spot; PBMC, peripheral blood mononuclear cell; SFC, spot forming cell.
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until an estimated 99.4% exchange into the final stock buffer. Once the 
buffer exchange and concentration was complete the final stock was sterile 
filtered by passing through a 0.22-µm syringe filter before final fill of the 
vials used for QC testing and the study material.

Infection of polarized airway epithelia. Polarized human airway epithelia 
were generated from lung transplant airway tissue by growing airway epi-
thelia on 12-mm Millicell membrane inserts (Millipore, Bedford, MA) fol-
lowed by differentiation at an air–liquid interface as previously described.11 
5 × 109 particles of rAAV1 and/or rAAV5 were diluted in culture medium 
to a 50-μl volume and used to infect each Millicell insert from the apical 
membrane for a 16-hour period. Following infection, the media and virus 
were removed and cultures were returned to an air–liquid interface with 
fresh basolateral media. Luciferase assays were performed at 20–30 days 
post-infection. Several vector combinations were used to standardize the 
specific activity of the RL and FL reporters. In this context, rAAV1-based 
vectors were generated for both the RL (rAAV1-CB-RL) and FL report-
ers (rAAV1-CB-FL). Independent and coinfection with rAAV1-CB-RL, 
rAAV5-CB-RL, and/or rAAV1-CB-FL was used to determine the specific 
activity of the luciferase reporters and also confirm that coinfection with the 
two serotypes did not alter transduction efficiency. A second set of experi-
ments was designed to mimic the preclinical trail in chimpanzees. In this 
context, rAAV1-CB-FL and rAAV5-CB-RL vectors were used for coinfec-
tion of human airway epithelia under the conditions described above and 
these results were compared to those following individual infections with 
each vector. It should also be noted that we found no evidence for cross-
reactivity of the luciferin substrates for RL and FL. This was assessed in 
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(no peptide). Samples were compared using Student’s t-tests, *P < 0.05. 
(*Indicate responses that are over threefold of response from medium 
control). AAV, adeno-associated virus; IFN-γ ELISPOT, interferon-γ 
enzyme-linked immunosorbent spot; PBMC, peripheral blood mononu-
clear cell; SFC, spot forming cell.
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Figure 5 H umoral responses to AAV1 and AAV5 capsids after airway 
aerosol delivery. Total serum antibody levels to either AAV1 or AAV5 
whole capsids were assayed by an indirect ELISA after coating plates 
with either AAV1 or AAV5 viral particles (a) group averages (b) individual 
chimpanzee values. AAV, adeno-associated virus; ELISA, enzyme-linked 
immunosorbent assay; IgG, immunoglobin G.

Table 1 N eutralizing antibodies to AAV1 and AAV5 in Huh7 cells

Animal no. Study day

Nab 50 in Huh7 cellsa

AAV1 AAV5

A242BA 1 <1:20 1:40

A242BA 13 1:80 1:40

A242BA 90 1:320 1:640

A255B 1 1:40 <1:20

A255B 13 1:40 1:40

A255B 90 1:1,280 1:2,560

A192E 1 1:20 1:80

A192E 13 1:640 1:160

A192E 90 1:1,280 1:2,560

A212C 1 1:20 1:40

A212C 13 1:160 1:160

A212C 90 1:640 1:2,560

Anti-AAV1 serum control 1:20,480

Anti-AAV5 serum control 1:163,840

Abbreviations: AAV, adeno-associated virus; RLU, relative luminescence unit.
aValues are the serum dilution at which RLUs was reduced 50% compared 
to virus control wells (no test sample), day 1 values are 24-hours post-AAV 
administration.
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human airway epithelia infected individually with the two reporter viruses 
and assessed for both RL and FL enzymatic activities.
Animal care approvals and oversight. This study was conducted in 
accordance with all applicable animal care guidelines at an American 
Association for Accreditation of Laboratory Animal Care accredited 
facility, and was preapproved by the University of Louisiana at Lafayette 
Institutional Animal Care and Use Committee and Institutional Biosafety 
Committee. All animals were housed with appropriate social stimulation 
and veterinary oversight.

rAAV aerosol airway delivery and sample collection. Directed vector deliv-
ery to the tracheobronchial tree was accomplished as previously described.1 
Briefly a MicroSprayer (Penn–Century) inserted through a 3.5-mm flexible 
fiberoptic bronchoscope (Olympus, Melville, NY) using universal precau-
tions and general anesthetic techniques. The chimpanzees were first sedated 
with general anesthesia with isoflurane, intubated with a 5.0-mm endotra-
cheal tube, and given supplemental oxygen. Lidocaine (1%) was instilled 
onto the carina to minimize coughing. The MicroSprayer was advanced 
~3 mm beyond the tip of the bronchoscope to visualize aerosolization of 
the vector into the main-stem bronchi.

At serial time points, brushes were collected from each animal for 
luciferase assays. For sampling the airway epithelium, standard Olympus 
bronchoscopy brushes were passed through the suction port of the 
bronchoscope. These bronchoscopy brushes were used for sampling 
of epithelial cells within the bronchial lumen by abrading the airway 
epithelium, previously exposed to vector and under direct vision, and then 
the brushes were placed immediately into transport medium for analysis.

Dual luciferase assay. Polarized cultured epithelial cells or brushed chim-
panzee bronchial samples were lysed in 200 µl of Passive Lysis Buffer 
(Promega). FL and RL activities in the cell lysates were measured with the 
Promega Dual-luciferase Reporter Assay System in 20/20 luminometer 
(Turner BioSystem, Sunnyvale, CA) following manufacturer’s instruction. 
The time points for chimpanzee sample assays were 14, 34, and 90 days 
post-AAV infection and the predosing negative control samples were col-
lected 1 day before aerosol delivery of AAV.

Anti-AAV antibody enzyme-linked immunosorbent assay. Anti-AAV1 
and anti-AAV5 antibodies were assayed using a previously published 
enzyme-linked immunosorbent assay method,23 modified for use on chim-
panzee serum by substituting an appropriate rabbit antihuman immuno-
globin G secondary antibody. AAV-neutralizing antibodies were assayed 
as previously described.24

Blood sample collection, PBMC isolation, and in vitro culture of PBMCs. 
The blood samples were collected through venipuncture using heparin as 
anticoagulant and shipped overnight to the testing lab at the University of 
Pennsylvania. The PBMCs were isolated using Ficoll–Paque gradient centrif-
ugation (GE-Amersham Biosciences, Pittsburgh, PA). All samples were pro-
cessed upon receiving and evaluated in ELISPOT assays as fresh samples.

Interferon-γ ELISPOT assay. Interferon-γ ELISPOT assays were performed 
using previously described protocols.25 PBMCs were added at the density 
of 2 × 105 cells/well and stimulated for 18–20 hours at 37 °C with peptide 
libraries derived from the AAV1 or AAV5-VP1 protein at the concentration 
of 2 µg/ml. Medium alone served as a negative control, and phytohemagglu-
tinin as a positive control. The peptide libraries were synthesized as 15-mers 
with 10-amino-acid overlap with the preceding peptide (Mimotopes, 
Raleigh, NC). The AAV1-VP1 peptide library was divided into three pools 
such that pool 1A contains the first 50 peptides of AAV1 VP1, pool 1B con-
tains peptides 51–100 and pool 1C contains peptides 101–146. The same 
scheme was applied to the AAV5-VP1 peptide library. Spots were counted 
with an ELISPOT reader (AID, San Diego, CA). Peptide-specific cells were 
represented as spot forming cells per 106 PBMCs. A positive response to 
any peptide pool was arbitrarily defined as three times over background 

(medium alone control) and the response was over 55 spot forming cell per 
106 PBMCs.
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