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Abstract

Cystic fibrosis (CF) is a common autosomal recessive dis-
ease caused by mutations in the CF transmembrane con-
ductance regulator gene. Recombinant adenoviruses have
shown promise as vectors for transfer of CF transmembrane
conductance regulator cDNA to airway epithelia and cor-
rection of the C1~ transport defect. However, because aden-
ovirus-mediated gene transfer is transient, use of adenovi-
rus as a vector for treatment of CF would require repeated
administration. Therefore, we evaluated repeat administra-
tion of an adenovirus vector to the nasal epithelium of pa-
tients with CF with five escalating doses of up to 10! infec-
tious units. There were no detectable adverse affects. All
subjects were initially seropositive but developed additional
humoral immune responses. The vector partially corrected
the defect in airway epithelial Cl1~ transport in some sub-
jects, although there was variability between subjects and
there was less correction with subsequent administration,
perhaps because the immune response limited gene transfer.
Future work must focus on vectors with increased efficiency
and with the ability to evade host defenses. (J. Clin. Invest.
1996. 97:1504-1511.) Key words: gene transfer  airway e
immune response « chloride « ion channel

Introduction

Cystic fibrosis (CF)! is a common autosomal recessive disease
caused by mutations in the gene for the CF transmembrane
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1. Abbreviations used in this paper: CF, cystic fibrosis; AV, change in
voltage across the nasal epithelium; AV, snilorices change in V, pro-
duced by perfusing the mucosal surface of the epithelium with
amiloride; AV, ., ¢, change in V| produced by perfusion of the mu-
cosal surface with a solution containing terbutaline and a low Cl™
concentration in the continued presence of amiloride; I.U., infectious
units.
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conductance regulator (CFTR) (1). CFTR is a CI” channel
that is regulated by phosphorylation and that mediates CI”
transport across epithelia in the lung, intestine, pancreas, and
sweat gland (2-4). The loss of CFTR function in CF epithelia
leads to lesions in all of these organs, but disease of the pulmo-
nary airways is now the main cause of morbidity and mortality
(1). Although current treatments have improved the lives of
patients, no treatment is directed at the underlying defect, and
CF remains a lethal disease. For this reason, there have been
increasing efforts directed at developing gene transfer to air-
way epithelia as a potential treatment.

In vitro studies have shown that recombinant adenovirus
vectors can express CFTR in cultured airway epithelia and can
correct the Cl™ transport defect and associated increase in Na*
transport that characterize CF airway epithelia (5-8). Since the
first in vivo studies reporting that an adenovirus vector can ex-
press CFTR in the airway epithelia of cotton rats (5), a number
of studies in animals and in tracheal explants have shown that
adenovirus vectors can express CFTR as well as reporter genes
in airway epithelia in vivo (9-11). Although there is little
doubt that adenovirus vectors can deliver genes, both in vitro
and in vivo, the efficacy and specificity of this process is uncer-
tain (12). Some gene transfer studies suggest the need for very
high MOI’s and suggest that some cells are more susceptible to
adenovirus vector—mediated gene transfer than others.

Adenovirus vectors have been delivered to patients with
CF where they express CFTR protein and partially correct the
CF defect in electrolyte transport (13, 14). However, because
adenovirus-mediated gene transfer is transient, use of recom-
binant adenovirus as a vector for treatment of CF would re-
quire repeated administration. This requirement is of concern
because, in both animals and humans, administration of aden-
ovirus can be associated with an inflammatory response that
may limit gene expression (14-22). Furthermore, repeated ad-
ministration has resulted in the development of neutralizing
antibodies, at least in animals (21).

The present work was designed as a phase I study to test
the safety of repeat administration of an adenovirus vector to
airway epithelium of patients with CF. We chose the nasal epi-
thelium for three reasons. First, access is simple and noninva-
sive, an important consideration in a trial involving repeated
instrumentation and measurements over an extended period
of time. Second, the safety of repeated adenovirus administra-
tion to humans is unknown, and we wished to minimize the
risk to participants if an adverse event should occur. Third, na-
sal airway epithelia have a similar histology and the same CF-
associated abnormalities in electrolyte transport as pulmonary
epithelia. We measured changes in voltage across the nasal ep-



ithelium (AV)) as an indication of the ability of the vector to
correct CF electrolyte transport abnormalities (23, 24).

Methods

Subjects

We studied six patients who ranged from 24 to 54 yr of age (Table I).
The diagnosis of CF was based on measurement of the sweat CI~ con-
centration, evaluation of lung and pancreatic disease, and genotyping
of the CFTR gene.

Study design

The study was approved by the University of lowa and the University
of Washington Institutional Review Boards and Institutional Bio-
safety Committees. It was also approved by the National Institutes of
Health Recombinant DNA Advisory Committee and the Food and
Drug Administration.

The design of the study and the timing of evaluations are de-
scribed in detail in reference 25. Each subject received multiple ad-
ministrations of Ad2/CFTR-2, with each successive dose higher than
the last. The doses were 2 X 107 infectious units (L.U.), 2 X 10% LU,
2% 10°L.U., 6 X 10° L.U., and 1 X 10'° I.U. The minimum duration
between doses was 28 d. The average interval between doses was
44+10 (mean=SD) d. The first four subjects received all five admin-
istrations of Ad2/CFTR-2. Because there were no adverse events as-
sociated with the lowest dose and because there was little evidence
for electrophysiologic changes at that dose, the last two subjects re-
ceived 2 X 10% L.U. as their first dose and received a total of four
doses. All six subjects completed the study.

At the start of the study, one nostril was chosen at random to be
the “treated” nostril, which received Ad2/CFTR-2. The other nostril
was chosen as the “mock” nostril, which was treated and evaluated
identically with the exception that the PBS vehicle was administered
instead of Ad2/CFTR-2. During the study of the first two subjects
(A01 and AO02), the investigators and the subjects were aware of
which nostril was treated and which was mock. For study of the last
four subjects (B01-B04), both investigators and subjects were blinded
as to which nostril was treated and which was mock. Data from all six
subjects were evaluated in a blinded fashion.

Adenovirus vector

The vector used was Ad2/CFTR-2, an adenovirus 2-based E1 re-
placement vector containing the CFTR ¢cDNA, the PGK promoter,
and a synthetic bovine growth hormone poly A addition site. The
vector retains the E3 region but lacks all of E4 with the exception of
ORF6 (25). Vector was grown in 293 cells, purified using CsCl gradi-
ent centrifugation, and shown to contain < 1 replication competent

Table 1. Characteristics of Participants

FEV1 Pancreatic
Subject Sex Age CF mutation Sweat [C1] (% predicted)  function
yr mM
A0l M 31 AF508/3849+10 26 67 PS
A2 M 42 AF508/? 104 54 PI
B01 M 31 AF508/AF508 121 83 PI
B02 M 28 AF508/AF508 114 96 PI
B03 M 54 AF508/? 81 83 PI
B04 F 24  AF508/R506T 118 91 P1

For CF mutation, ? refers to an unknown mutation. PS and PI refer to
pancreatic sufficient and pancreatic insufficient, respectively. Subjects
A01 and A02 were enrolled at the University of Iowa and subjects BO1-
B04 at the University of Washington.
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adenovirus (RCA) per patient dose of vector, except at the highest
dose, when < 10 RCA were present per dose.

Vector administration

Vector was administered to subjects while they were supine. No anes-
thetics or vasoconstrictors were used. We applied vector to the nasal
epithelium using a modified Foley catheter, which was introduced un-
der endoscopic guidance to the area beneath the inferior turbinate.
The catheter was positioned at the same depth beneath the inferior
turbinate, 6 cm from the most caudal aspect of the columella, for each
dose and for all V, measurements. Vector was infused slowly over the
course of 30 min. We made no attempt to constrain the vector solu-
tion to a small area, and in fact our studies with methylene blue sug-
gest that administered fluid rapidly spreads to cover the entire infe-
rior turbinate and most of the nasal mucosa on the side of
administration. Thus, the area to which vector is applied is undefined
but is probably at least 10-30 cm”. As a control, saline was adminis-
tered simultaneously to the contralateral nostril using the same pro-
cedure.

The initial titer of Ad2/CFTR-2 was either 1.8 X 10'° LU./ml or
8.4 X 10! L.U./ml. Vector was diluted with PBS to achieve the final
dose. Doses of 2 X 107 L.U. to 2 X 10° L.U. and four of the doses of
6 X 10° were administered in a volume of 100 pl. Two of the doses of
6 X 10° I.U. were administered in 200 pl. Doses of 10'° I.U. were ad-
ministered in a volume of 200-600 .l

Measurement of nasal V,

The transepithelial electric potential difference across the nasal epi-
thelium V, was measured using a modification of previously described
methods (13, 23, 24). The reference electrode was a 25-gauge 1/2-inch
subcutaneous needle connected with sterile normal saline solution to
a silver/silver chloride pellet (E.W. Wright, Guilford, CT). The ex-
ploring electrode was a pediatric size 8 teflon-coated latex Foley cath-
eter (modified; Riisch, Inc., Duluth, GA) with two side holes at the
tip. The catheter was filled with Ringer’s solution containing (in mM)
135 Na(l, 2.4 KH,PO,, 0.6 K,HPO,, 1.2 CaCl,, 1.2 MgCl,, and 10
Hepes (titrated to pH 7.4 with NaOH) and was connected to a silver/
silver chloride pellet. Voltage was measured with a voltmeter (Keith-
ley Instruments Inc., Cleveland, OH) connected to a strip chart re-
corder (Servocorder; Western Graphtec Inc., Irvine, CA). Before
making measurements, the silver/silver chloride pellets were con-
nected in series with the Ringer’s solution, and zero voltage was es-
tablished; the pellets were changed if the offset voltage was > *4
mV. The rubber catheter was introduced into the nostril under tele-
scopic guidance (Hopkins Telescope; Karl Storz, Tuttlingen, Ger-
many), and the side holes of the catheter were placed under the infe-
rior nasal turbinate 6cm from the most caudal aspect of the
columella. The catheter was then left in that position for the entire re-
cording period. A continuous flow of solution was used by connecting
a 3 to 1 administration set (Trifuse®; Medinfusion, Inc., Duluth, GA)
to the balloon port of the Foley catheter. Each solution was given by
controlled infusion using an infusion pump (model 975; Harvard Ap-
paratus, S. Natick, MA) at a constant rate of 5 ml/min. All perfusing
solutions were at room temperature. The following solutions were ad-
ministered in this order: (a) Ringer’s solution; (b) Ringer’s solution
containing 100 uM amiloride (Merck and Co., Inc., West Point, PA);
and (c) a low CI” solution (in which 135 mM Na gluconate replaced
135 mM NaCl) with 100 uM amiloride plus 10 pM terbutaline (Geigy
Pharmaceuticals, Ardsley, NY). Each solution was perfused for a pe-
riod of at least 5 min. Once a stable V, reading was obtained, perfu-
sion with the next solution was begun. The entire procedure took
~ 30-45 min. Measurement of V, at Iowa City and Seattle used iden-
tical equipment and procedures, and records from each site were read
blinded at the opposite site. Moreover, investigators from the two
sites verified the methods of V, measurement by traveling to the
other site. 7.3% of V, measurements could not be interpreted for rea-
sons such as unstable baselines or loss of position of the recording
catheter.
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Immunologic assessments

Adenovirus-specific IgG and IgA by ELISA. ELISAs were devel-
oped for the detection of IgG and IgA antibodies specific for Ad2/
CFTR-2 in patient sera, nasal washes, and control sera. IgG titers
were expressed as the reciprocal of the dilution giving an absorbance
value = 0.1. IgA values represent semi-quantitative levels deter-
mined by interpolation from an IgA standard curve.

Adenovirus-neutralizing antibody. Serially diluted, heat-inacti-
vated patient sera, nasal washes, or control sera were preincubated
with serotype 2 adenovirus in 96-well tissue culture plates for 1 h at
37°C. Subsequently, 100 wl of 293 cells (3 X 10° cells/ml) were added,
and the cultures were incubated for 3 d at 37°C. The wells were exam-
ined for inhibition of cytopathic effects. Neutralization titer was de-
fined as the reciprocal of the maximum patient serum dilution that in-
hibited viral infectivity such that > 90% of the cells remained viable
relative to the controls.

Evaluation of antibodies by Western blot. The profile of patient
antibody responses to Ad2 proteins was evaluated by Western blot.
Briefly, Ad2/CFTR-2 viral proteins were separated by SDS-PAGE
on a 4-20% gradient gel, electroblotted onto an Immubilon-P (Milli-
pore, Bedford, MA) transfer membrane, blocked with casein, and
probed with patient sera diluted 1/1,000 or control sera. Resultant im-
mune complexes were detected with horseradish peroxidase conju-
gates specific for human IgG or IgA followed by their visualization
with a chemiluminescent substrate. The banding patterns were com-
pared with a gold-stained Western blot of viral proteins.

Human CFTR specific antibodies. An ELISA was developed as a
screening assay for the detection of antibodies to CFTR using insect-
derived recombinant CFTR. Patient sera were tested at a dilution of
1/100. Pooled normal human serum was used as a negative control,
and biotinylated rabbit anti-CFTR was the positive control. Biotiny-
lated goat anti-human IgG, IgA, IgM, and streptavidin—horseradish
peroxidase were used to detect bound antibody.

Clinical assessments

History, physical examination, and measurement of serum chemis-
tries and blood counts (25) were performed at the times indicated in
reference 25. Pulmonary function tests were performed in accordance
with ATS guidelines. Sputum cultures were performed to identify
bacterial pathogens using standard microbiological techniques.

Culture for adenovirus

Cultures to detect Ad2/CFTR-2 were performed on the permissive
293 cell line. Supernatants from swabs were added to 293 cells grown
in 96-well plates at 50% confluence. The 293 cells were incubated for
48 h at 37°C and then fixed and incubated with an FITC-labeled anti-
adenovirus mAb (Chemicon; Light Diagnostics, Temecuca, CA) for
30 min. Positive nuclear immunofluorescence was interpreted as a
positive culture. The sensitivity of the assay was evaluated by dipping
the swab in dilutions of Ad2/CFTR-2 suspension, followed by subse-
quent handling as for patient specimens, including storage, transport,
and culture procedure. Positive cultures were detected when the ini-
tial viral suspension contained 10° L.U./ml.

Measurements of cytology and cytokines in nasal wash

IL-1B and TNF-a were analyzed using reagents from Genzyme Corp.
(Framingham, MA), IL-6 was measured using high-sensitivity re-
agents (Quantikine; R&D Systems, Minneapolis, MN), and IL-8 lev-
els were determined with PerSeptive Diagnostics (Cambridge, MA)
reagents. Detectable levels of the cytokines were as follows: IL-1p,
8 pg/ml; IL-6, 0.63 pg/ml; IL-8, 50 pg/ml; and TNF-«a, 9.4 pg/ml. For
cytology, cells obtained by nasal swab were dislodged in 1.5 ml of 293
media without serum. Cells were pelleted at 1,000 rpm for 5 min and
resuspended in 0.5 ml of 293 media. 60 pl of the cell suspension was
cytocentrifuged onto slides and stained with Wright’s stain. Samples
were examined by light microscopy, 100-300 cells were counted, and
the cell differential determined.
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Results and Discussion

Evaluation for adverse events. We observed no adverse events
that could be attributed to delivery of the vector. There were
16 episodes of exacerbation of pulmonary disease in which an-
tibiotics used to treat the CF pulmonary disease were begun or
changed during the course of the study. We could discern no
temporal relationship between these episodes and vector
administration. We believe these events and their frequency
are consistent with the predicted course of the disease in these
patients over a study period lasting 111-245 d. Measure-
ments of blood cell counts and general chemistries showed
no significant alterations in any subject during the course of
treatment.

Evaluation for adverse events associated with vector ad-
ministration to the nasal epithelium is complicated by the fact
that patients with CF have chronic nasal inflammation (26).
During the course of study the severity of inflammation varied,
but we could discern no relation to vector administration. Nei-
ther the subjects nor the investigators were able to identify the
treated side by the presence of symptoms or appearance of the
mucosa. We also assessed cells obtained by nasal swab. The
specimens typically showed a predominance of squamous and
respiratory epithelial cells, 0-10% neutrophils, and 0-5% lym-
phocytes. There were no significant changes during the study
that could be attributed to vector administration. Measure-
ment of IL-1B, IL-6, IL-8, and TNF-« in the nasal washes were
consistently below the sensitivity limits of the assays (0.6-50
pg/ml).

These data suggest that there were no significant systemic
or local adverse events that could be attributed to administra-
tion of up to 10" L.U. of Ad2/CFTR-2 to the nasal mucosa.
The absence of local adverse events is similar to other reports
(14). Crystal and colleagues have reported systemic adverse
events after lung administration of recombinant adenovirus
(14, 15). Studies in animals also suggest that adenovirus admin-
istered to the lung can cause an inflammatory response, but
the effects are dose dependent and vary with different species
(16-19, 21). Additional studies will be required to evaluate ad-
verse effects in the human lung.

Evaluation for antibody production. All subjects were re-
quired to have preexisting antibodies to adenovirus at the time
of enrollment. Fig. 1 lists baseline and time-dependent changes
in adenovirus-specific IgG serum antibodies and neutralizing
antibody titers for each patient. Because absolute antibody ti-
ters varied from subject to subject, data are presented as titers
normalized to a value of 1 at the start of the study. At doses of
2 X 10°1.U. and higher, there were transient fourfold increases
in serum IgG antibody in three of the six subjects (B01, B02,
and B03). Three subjects (B02, B03, and B04) had a fourfold
increase in serum-neutralizing antibodies. Although these in-
creases are modest, they do suggest that the subjects were
mounting an immune response to the vector. That a more sub-
stantial change in serum antibody titers was not observed may
reflect the preexisting antibody in the patients.

Samples from nasal wash were analyzed for adenovirus-
specific IgA antibodies. We were unable to detect a significant
change from baseline in antibody titer in samples obtained by
nasal washing; however, our inability to do so may have been a
result of dilution of a small amount of airway surface fluid by
the relatively large volume (5 ml) used for the collection. We
have detected an increase in IgA in nasal washes from mon-
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Figure 1. Antibody titers. Each panel shows data from an individual subject. Baseline titers of IgG and neutralizing antibodies are indicated
for each subject. Bars show serum IgG titers and filled squares and lines show titers of neutralizing antibody. Data are presented as fold in-
crease in antibody titer with titer at the start of the study equal to 1. Times and doses of vector administration are indicated by arrows. For uni-

formity, not all data points are shown.

keys that received intrapulmonary adenovirus (21). In those
studies, higher doses of vector (on a per-kilogram basis) were
used, and the animals were seronegative before administration.
Although not all of the subjects showed a fourfold increase
in serum antibody titers, evaluation of serum by Western blot
to adenoviral proteins provided additional evidence that all
subjects developed an immunologic response. Fig. 2 shows an
example of a Western blot from subject BO4, who had no
change in serum IgG titers by ELISA. The figure shows a
time-dependent quantitative increase in intensity of antibody
reaction with several viral proteins. In addition, qualitative
changes indicated by recognition of new epitopes were also
observed; for example, note the reaction with the core major
protein at ~ 22 kD. The pattern of reactivity on Western blot
varied from subject to subject; however, there was a quantita-
tive change in IgG and IgA reactivity with all subjects except
BO03, and a qualitative change with subjects B02 and B04. None
of the subjects developed antibodies to CFTR (not shown).
Thus, changes in one or the other of the ELISA titers, titer
of neutralizing antibodies, and the pattern of reactivity de-
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tected by Western blot indicate that all subjects developed an
additional immune response to the adenoviral proteins as a
consequence of vector administration. The response was com-
plex and varied from patient to patient. However, the pattern
of immune response did not differentiate patients with either
large or absent electrophysiologic changes as described below.
Culture for Ad2/CFTR-2. We cultured material from nasal
swabs, sputum, rectal swabs, and urine for Ad2/CFTR-2 on the
permissive 293 cell line. Subject BO1 had a positive culture
from a nasal swab taken 24 h after administration of 2 X 10°
L.U. All other cultures at 24 h and later time points were nega-
tive from all sites. These data suggest that the recombinant
vector was rapidly cleared. They also suggest that there was no
significant replication of Ad2/CFTR-2. These results are con-
sistent with our earlier studies showing that replication of Ad2/
CFTR-2 (27) and of a related vector Ad2/CFTR-1 (6) is se-
verely impaired in tissue culture and in experimental animals.
Measurement of nasal V,in CF and non-CF subjects. The
loss of CFTR CI™ channel function causes defective cAMP-
stimulated Cl~ transport across airway epithelia (1). In addi-
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Figure 2. Western blot of serum from subject B04 to adenoviral
proteins. Data are an example of the Western blot to detect IgA
against adenoviral proteins. Similar results were obtained when IgG
was detected.
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tion, CF epithelia manifest increased amiloride-sensitive ab-
sorption of Na*, although the responsible mechanisms are not
fully understood. Because both processes are electrically con-
ductive, they can be assayed qualitatively by measuring V, in
vivo (23, 24). In this study, we made three types of measure-
ments. First, we measured basal V,, which is increased in CF
and reflects the increased Na™ and absent Cl~ transport. Sec-
ond, we measured the change in V, produced by perfusing the
mucosal surface of the epithelium with amiloride (AV amitoride)-
AV Amiloride 18 increased in CF and reflects predominately the
increased basal Na* transport. Third, we measured the change
in V, produced by perfusion of the mucosal surface with a solu-
tion containing terbutaline and a low ClI”~ concentration in the
continued presence of amiloride (AV| 1w c1)- AV, Low c1 prima-
rily reflects a ClI~ diffusion voltage through CFTR CI~ chan-
nels (see also Methods).

Fig. 3 shows basal V, AV, snitoride» ad AV 1oy, o1 in CF and
non-CF individuals. As previously reported (23, 24), all three
measurements distinguish CF from non-CF epithelia, although
there is variability in individual measurements.

Evaluation of V, before and after administration of Ad2/
CFTR-2. Because only two of the subjects who received the
lowest dose (2 X 107 I.U.) had V, measured as described
above, we focused on measurements made at Ad2/CFTR-2
doses of 2 X 108 I.U. and greater. For each administration, we
calculated average values before vector administration and for
1 wk after administration. When measurements made before
and after administration were compared, there was substantial
variability on both the treated and the mock sides. We ob-
served no consistent or statistically significant changes in basal
Vi or AV smiriae at any of the doses (data not shown).

Fig. 4 shows measurements of AV, ¢ for each individual
subject (symbols and lines) and average values (X:SEM) (bars)
before and after administration of each dose of Ad2/CFTR-2.
We observed substantial variability between individual sub-
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jects and different administrations. However, examination of
values from individual subjects shows that, in some of the
treated epithelia, V; hyperpolarized after vector administra-
tion. The effect of vector administration can be appreciated by
noting that, in the mock epithelia (Fig. 4, top), AV, 4w c1 Was
rarely negative after administration of vehicle. In contrast, for
epithelia that received Ad2/CFTR-2 (Fig. 4, bottom), AV, | o 1
after treatment was < 0 on several occasions.

Examination of values for individual subjects suggests that
Ad2/CFTR-2-dependent changes may have been more prom-
inent at the mid doses. These trends are borne out by the av-
erage values of AV, ., o (Fig. 4, bars). At doses of 2 X 10° and
6 X 10° Ad2/CFTR-2, AV, ¢ after vector delivery was sig-
nificantly lower than before treatment. At the fifth dose of
1 X 10'°, the changes in AV, |, o Were less prominent and not
statistically significant. Thus, it appeared that there was a
trend for Ad2/CFTR-2 to correct AV, ¢ partially at the mid
doses but to have less effect at the lowest dose and at the
highest dose.

We speculate that there may have been less correction at
the highest dose because development of humoral immunity
with neutralizing antibodies may have prevented infection.
The development of an immune response that limits the effec-
tiveness of repeat doses would be consistent with a number of
studies in animals (20, 21, 28). Moreover, even a modest im-
mune response might have a significant impact on adenovirus
infectivity because hexon neutralization of adenovirus infectiv-
ity has been reported to involve a single hit mechanism (29).

In contrast to the effects on AV, ¢, basal V, and AV,
amiloride WeTe not altered. Previous in vitro studies using pri-
mary cultures of CF airway epithelia suggest that adenoviral
vectors expressing CFTR can correct CI™ transport without
correcting the increased Na* transport (7). Recently, Johnson
et al. (8) showed that very high doses of an adenovirus vector
expressing CFTR were required to reduce amiloride-sensitive
current in cultured CF epithelia. Johnson et al. interpreted
those results to suggest that expression of CFTR in a fraction
of the cells of an epithelium may be sufficient to correct mea-
sures of Cl~ transport (such as AV, ) but not sufficient to
normalize electrophysiologic properties that are influenced
predominately by Na* transport (such as basal V, and AV,
Amiloride)- All these data are consistent with the interpretation
that, in nasal epithelia treated with Ad2/CFTR-2, only low lev-
els of CFTR were synthesized or only a low percentage of cells
expressed the protein. Although Ad2/CFTR-2 was able to cor-
rect the AV, . o partially, we do not know the relationship be-
tween the correction of AV, ¢ in an epithelium and the abil-
ity to prevent the progressive infections that are a major cause
of morbidity and mortality.

Comparison of gene transfer with earlier studies. Two stud-
ies in humans with CF have shown that adenovirus vectors can
express CFTR in airway epithelia as evaluated by reverse tran-
scriptase—PCR and by immunohistochemical detection of pro-
tein (13, 14). We also showed that, after administering one
dose of a related vector (Ad2/CFTR-1) to the nasal epithe-
lium, CF-associated electrophysiologic abnormalities were
partially corrected (13). We observed a decrease in basal V,
and a hyperpolarization of V, during perfusion with terbuta-
line. In our present study, we did not find changes in basal V;
and we only observed changes consistent with generation of
CFTR CI™ channels when we measured the more sensitive AV,
Low cl- Because the changes we observed in the present study
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were less striking than in our first study (13), it is important to
consider possible explanations. There are several factors to
consider.

First, it is possible that there was an error in the first study.
We think it unlikely that there were errors in measurement of
V. because basal V,, which is very easy to measure, changed
over a prolonged time course in that study.

Second, although the vector and doses were different, it
seems unlikely that that would explain the lesser effect de-
tected here, because the administered doses were much higher
in the present study.

Third, in the previous study, vector was administered on
only one occasion, whereas in the present study each partici-
pant received multiple doses. It is possible that in our current
study the initial doses of vector were not sufficient to effect
correction but were able to stimulate an additional immune re-
sponse that neutralized subsequently administered vector.
However, the variability in electrophysiologic and immune re-
sponse precludes a direct correlation between the two.
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-30 ]

AVt ow CI
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Figure 3. Electrophysiologic prop-
erties of normal and CF subjects.
Data are mean=SD of subjects
studied in Towa City (shaded bars)
and in Seattle (open bars). Data
are basal V| (left), AV Amiorice (CER-
ter), and AV, o, o (right) as de-
scribed in Methods. n = 52 assays
in normal and 36 in CF in Iowa
City, and 36 in normal and 70 in
CF in Seattle. The comparison be-
tween normal and CF groups at
each site was evaluated using an
unpaired ¢ test. *P < 0.0001.
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Fourth, the site of administration was different in the two
studies. In our first study, we applied vector to the medial as-
pect of the inferior turbinate because it was more accessible to
the applicator. In the current study, we applied vector to the
inferior aspect of the inferior turbinate and much of the nasal
mucosa. The epithelium on the inferior aspect of the inferior
turbinate is a pseudostratified, columnar, ciliated epithelium
much like that in the large intrapulmonary airways. In con-
trast, cells on the medial aspect of the turbinate are more often
a cuboidal or squamous nonciliated epithelium. Some studies
suggest these types of cells have different susceptibility to ade-
novirus vectors (see below).

Fifth, in the first study we controlled the site and duration
of exposure. By using an applicator in the first study, we con-
strained the vector to a small area (~ 0.5 cm?) for a defined
time (30 min). In our current study, the vector spread over the
inferior turbinate. We estimate that the area of exposure was
at least 10 cm?. When we applied methylene blue in 50 wl using
the present method, it spread rapidly to cover the entire nasal

Figure 4. Change in voltage pro-

8 duced by perfusion of a solution
6 containing a low ClI~ concentra-
4 F .{. tion and terbutaline (AV,). Data
2 += e .} + {. are electrophysiologic measure-
AVE 4 - i+ ments for individual subjects (each
(mV) 2 /\u V subject is indicated by a different
4 symbol). Data points show aver-
6 age values before and for 1 wk af-
8 Mock Mock Mock Mock ter vector administration. Pre-
10 2x108 2%109 6x109 1x1010[ © A0 treatment V?lues are the average
42 e AQ? of two readings, one on day 0 for
44 P=017 P=0.25 P=0.92 P=0.68 A BO1 that administration and one on the
a BO2 most recent preceding day, and
8 o BO3 [  posttreatment values are the aver-
6 = BO4 age of values for 1 wk after vector
4 1 administration (involving four
AVE 2 -+ - -+ %_}_ readings on days +1, +3, +5, and
01 +7). Large bars and standard er-
(mV) 2 S \ ror)bars (%n the sides of each panel
-4 show average changes in AV, for
6 all six subjects. The administered
-8 dose is indicated at the bottom of
10 Treated Treate Treated Treated each panel. Statistical significance
12 2x108 2x109 ] 6x109 1x1010 was evaluated using the sign rank
14 I£=025 P=0.04 P=0.03 P=0.22 statistic; P values are indicated in
Before After  Before After Before After  Before After each panel.
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mucosa, whereas, when we applied methylene blue with an ap-
plicator, mucosal staining was limited to a discrete site. More-
over, we cannot determine the duration of contact of vector
with the epithelium, which our unpublished studies indicate is
an important determinant of the efficiency of gene transfer. In
our first study, mucociliary clearance was probably inhibited
by the use of topical cocaine and tetracaine (30).

Sixth, in our previous study we treated the nasal epithelium
with vasoconstrictors and local anesthetics and applied the
vector with a plexiglass spoon applicator for 30 min. This treat-
ment produced substantial local inflammation and injury that
resolved over the subsequent 24 h (13). In the present study
using a soft rubber catheter, no inflammation or irritation was
observed. Other studies suggest that injured epithelium more
readily takes up adenovirus vectors (12).

These results raise the question: How efficient are adenovi-
rus vectors? Our first human study, in which moi’s were in the
1-25 range, showed electrophysiologic evidence of correction.
In the present study, the intermediate dose levels of 2-6 X 10°,
which showed partial correction, corresponded to an moi of
66-200 I.U./cell (assuming a target area of 10 cm? and 3 X 10°
cells/cm?), whereas the highest dose corresponds to an moi of
330. Our earlier work using cultured human CF cells demon-
strated robust correction of the CF CI~ channel defect at a
very modest moi (0.1-10) (7). More recently, we have ob-
served that the efficiency of gene transfer decreases as the epi-
thelium differentiates from a monolayer of cells with charac-
teristics of basal cells to a more mature ciliated epithelium
(Zabner, J., unpublished observation). Grubb et al. (12) have
argued that mature human airway cells are indeed refractory
to adenovirus-mediated gene transfer. If this is true in the
lower pulmonary airways, where the number of target cells is
~ 3 X 10° the doses of vector required to effect gene transfer
even in the absence of an immune response could exceed lev-
els that can be safely tolerated. For example, mouse experi-
ments commonly use 1-5 X 10° L.U. in corresponding to an
moi of 330-1,660, assuming 3 X 10° airway epithelial cells. The
equivalent human dose would be 1-5 X 1012 L.U.

Since submission of our work, there have been two other
reports in which adenovirus encoding CFTR was delivered to
the nasal epithelium of patients with CF. Hay et al. (31) admin-
istered one dose of adenovirus (2 X 10° to 2 X 10%° plaque-
forming units). After delivery they found partial correction of
both the basal V, and the V| response to perfusion with a low
CI~ concentration and isoproterenol, indicating at least partial
complementation of the CF defect. Knowles et al. (32) deliv-
ered one dose (2 X 107-2 X 10 plaque-forming units) but
were unable to show correction of either basal V; or the re-
sponse to low CI™ and isoproterenol. Moreover, at the highest
dose there was mucosal inflammation in some subjects. It is
difficult to compare directly the four different published stud-
ies in patients with CF (our present report plus references 11,
31, 32) because there are many variables between the studies.
However, we believe that the data suggest that improvement is
needed for adenoviral vector-mediated gene transfer to hu-
man airway epithelia.

Future studies. Many important questions remain. For ex-
ample, one obvious limitation of the present study is that it is
the epithelium of the pulmonary airways, rather than the nasal
mucosa, that is the ultimate target of gene transfer in CF. Fu-
ture studies will be required to test the safety of vector admin-
istered to the lung. In terms of the efficiency of gene transfer,
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we must learn more about the ability of adenovirus vectors to
express CFTR in mature respiratory epithelium, and we must
better understand the reasons for variability between subjects.
Development of vectors that target ciliated airway epithelia
may be of particular value in increasing the efficiency of gene
transfer and as a result decreasing any associated adverse ef-
fects. Another important but unanswered question relates to
the ability of gene transfer to correct not only the electrophysi-
ologic abnormalities, but to check the progressive destruction
of the airways in this lethal disease. These considerations sug-
gest that substantial additional work in vitro, in animals, and in
selected cases in humans are required for the development of
successful gene transfer for patients with CF.
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