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Abstract

Cationic lipids show promise as vectors for transfer of
CFTR cDNA to airway epithelia of patients with cystic fi-
brosis (CF). However, previous studies have not compared
the effect of DNA-lipid to DNA alone. Recently, we devel-
oped a formulation of plasmid encoding CFTR (pCF1-
CFTR) and cationic lipid (GL-67:DOPE) that generated
greater gene transfer in mouse lung than previously de-
scribed DNA-lipid vectors. Therefore, we tested the hypoth-
esis that DNA-lipid complexes were more effective than
DNA alone at transferring CFTR cDNA to airway epithelia
in vivo. We administered complexes of DNA-lipid to one
nostril and DNA alone to the other nostril in a randomized,
double-blind study. Electrophysiologic measurements showed
that DNA-lipid complexes partially corrected the CI-
transport defect. Importantly, the pCF1-CFTR plasmid
alone was at least as effective as complexes of DNA with
lipid. Measurements of vector-specific CFTR transcripts
also showed gene transfer with both DNA-lipid and DNA
alone. These results indicate that nonviral vectors can trans-
fer CFTR cDNA to airway epithelia and at least partially
restore the Cl~ transport defect characteristic of CF. How-
ever, improvements in the overall efficacy of gene transfer
are required to develop a treatment for CF. (J. Clin. Invest.
1997. 100:1529-1537.) Key words: gene transfer « cystic fi-
brosis « epithelia « airway « CFTR « chloride channel

Introduction

The loss of CFTR CI™ channel function in airway epithelia
causes lung disease, the major source of morbidity and mortal-
ity in cystic fibrosis (CF)! (1). Although current treatments
have improved the lives of patients with CF, there is presently
no treatment that is directed at the underlying defect and CF
remains a lethal disease. Recently, several efforts have been
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directed at developing gene transfer to airway epithelia as a
potential treatment.

To date, recombinant adenovirus vectors have received the
most attention. Studies in humans have shown that adenovirus
vectors encoding CFTR can express the transgene in airway
epithelia and can at least partially correct the CF defect in
electrolyte transport (2-5). However, there are several limita-
tions to adenovirus-mediated gene transfer. First, the effi-
ciency of gene transfer to uninjured airway epithelia is low (4-6).
Second, because gene transfer to airway epithelia is transient,
the use of recombinant adenovirus vectors will require repeat
administration. The requirement for repeat administration is a
concern because in both animals and humans, administration
of high doses of adenovirus can generate neutralizing antibod-
ies which can limit subsequent gene transfer. Furthermore, ad-
ministration of high doses of adenovirus vectors can generate
an inflammatory response.

In vitro studies have shown that cationic lipids can also af-
fect gene transfer to cells including airway epithelia. Most
studies have focused on administration of DN A—cationic lipid
complexes via the airways. This mode of administration has
the advantage that the target cells are in contact with the air-
way lumen and gene transfer to other organs is minimized.
Several in vitro experiments have been performed in animals.
Stribling et al. (7) reported that aerosol delivery of DNA com-
plexed to N-[1-(2,3-dioleoyloxy)propyl]-n,n,n-trimethylammo-
nium chloride (DOTMA ):dioleoyl phosphatidylethanolamine
(DOPE) produced gene transfer to the majority of airway epi-
thelia and alveolar cells. Canonico et al. (8) showed significant
expression of transgene in the lungs after aerosol delivery
of DOTMA:DOPE complexed with DNA. In addition, Al-
ton et al. (9) and Hyde et al. (10) found that complexes of
[N-(N',N'-dimethylaminoethane)carbamoyl]cholesterol (DC-
Chol):DOPE with a plasmid encoding CFTR were able to cor-
rect the CF electrophysiologic defect in mice in which the
CFTR gene had been disrupted. It is important to note that
some studies done in mice lungs have shown equal efficacy of
gene transfer by plasmid DNA alone compared with plasmid
complexed to DOTMA-DOPE, N-[1-(2,3-dioleoyloxy)pro-
pyl]-N,N,N-trimethyl-ammoniummethylsulfate (DOTAP), and
DDAB (11, 12). Three studies in humans have been reported.
In the first, human trial complexes of DNA and DC-Chol:
DOPE appeared to be safe when administered to the nasal ep-
ithelia of patients with CF (13). Two subsequent studies using
DC-Chol:DOPE and DOTAP have been reported recently
(14, 15). However, in all cases the degree to which the CF elec-
trophysiologic defect was corrected was small and variable.
Just as with adenovirus vectors, the efficiency of gene transfer
in that study was suboptimal.

To develop a more efficient nonviral cationic lipid vector
system, Lee et al. (16) took a systematic approach to evaluate
gene transfer using administration to the lungs of mice in vivo.
Most of the commercially available cationic lipids showed a lim-
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ited ability to enhance transgene expression when compared
with DNA alone. However, a novel lipid, (3-amino-propyl)[4-
(3-amino-propylamino)-butyl]-carbamic acid 17-(1,5-dimethyl-
hazyl)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradeca-
hydro-1H-cyclopenta[a]phenanthren-3yl ester (GL-67) in com-
bination with the neutral colipid DOPE, enhanced gene trans-
fer by > 1,000-fold as compared with DNA administered
alone. Furthermore, complexes of DNA with GL-67:DOPE
were found to be safe and stable. Those results suggest that the
cationic lipid GL-67:DOPE is more efficient than previously
tested lipids for gene transfer to lung. Specifically, the data
predicted improvement as compared with DC-Chol:DOPE
which had been previously used in a human study (13).

The present work was designed for two purposes. First, we
evaluated whether complexes of DNA with GL-67:DOPE
were safe when administered to the airway epithelium of hu-
mans. Second, we tested the hypothesis that complexes of
DNA with GL-67:DOPE could transfer the CFTR cDNA to
the airway epithelium and correct the electrophysiologic de-
fect. For these studies we used the nasal epithelium because it
provides a model of the intrapulmonary epithelium and is
readily accessible for delivery of the vector and for assessment
of toxicity and electrophysiologic correction. As a control we
compared the efficacy of DNA—cationic lipid complexes to
DNA administered alone.

Methods

Reagents. The lipid was composed of a 1:2 molar ratio of the cationic
lipid GL-67 and the neutral lipid DOPE (16). CFTR cDNA was en-
coded by the plasmid pCF1-CFTR. pCF1-CFTR was based on the
commercially available vector pPCMV (Clontech, Palo Alto, CA). It
contains the human cytomegalovirus immediate early gene promoter
and enhancer, followed by the tripartite leader from adenovirus, a hy-
brid intron, the CFTR ¢cDNA, and a polyadenylation signal from bo-
vine growth hormone. An identical plasmid without CFTR cDNA
(pNull) was used as a negative control in some subjects.

Subjects. We studied six non-CF subjects who ranged in age from
23 to 41 yr. 12 CF subjects participated in the study. The characteris-
tics are shown in Table 1.

Study design and vector administration. The protocol was designed
as a single administration, randomized, double-blind study. The pro-

Table I. Characteristics of Participants

FEV1 Sweat  Pancreatic
Subject Sex Age CF mutation (% predicted) Cl- function
LC01 M 24 P67L/Q493X 72 59 PS
LC02 M 29 ?/AF508 53 111 PI
LC03 M 26 AF508/AF508 66 81 PI
LC04 F 53 AF508/AF508 41 108 PI
LCO5S M 28 AFS08/AF508 49 96 PS
LCO6 M 20 AFS08/A455E 98 63 PS
LC07 M 31 3849 + 10/AF508 44 26 PS
LCO8 M 39 AF508/6551D 56 67 PI
LC09 F 18 AF508/AF508 33 115 PI
LC1I0 M 30 AF508/R347H 70 67 PS
LC11 F 29  AF508/AF508 39 78 PI
LC12 F 18  AF508/AF508 52 78 PI

For CF mutation, ? refers to an unknown mutation. PS and PI refer to
pancreatic sufficient and pancreatic insufficient, respectively.
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tocol was approved by the University of Iowa Institutional Review
Board and Institutional Biosafety Committee. It was also reviewed by
the Office of the National Institutes of Health Recombinant DNA
Advisory Committee and the Food and Drug Administration. Timing
of evaluations was designed to detect acute changes in nasal epithelia
voltage after vector administration. Assays were performed on at
least two pretreatment days and then on days 14 and day 21 after
treatment. Subjects received vector while seated; no anesthetics or
vasoconstrictors were used. We applied the reagents to the nasal epi-
thelium using a size 8 Foley catheter (modified with a wedge shape
cut proximal to the balloon) which was introduced under endoscopic
guidance to the nasal mucosa. The catheter was positioned beneath
the inferior turbinate, 6 cm from the most caudal aspect of the col-
umella. All vectors were slowly infused at a rate of 12.5 pl/min over
80 min.

The study was designed in three parts. In part A, we tested the
safety and effect on transepithelial voltage of administering the cat-
ionic lipid formulation alone. This part of the study was performed on
non-CF subjects and sterile water was used as a control. In part B, CF
subjects received 1.25 mg of pCF1-CFTR alone to one nostril and
1.25 mg pCF1-CFTR complexed with 2 mg GL-67:DOPE to the other
nostril. In part C, CF subjects received 1.25 mg of pCF1-CFTR to one
nostril and 1.25 mg of pNull to the other nostril. Data from all 18 sub-
jects were evaluated in a blinded fashion.

Clinical assessments. Participants were studied on two pretreat-
ment days (pre-2 and pre-1), the day of vector administration (day 0),
and days 1-4 and 21 after administration. Symptoms and physical ex-
amination were evaluated on every study day. Blood counts, clinical
chemistry, and urinalysis were obtained on days pre-1, 1, and 4. Se-
rum for antibody analysis was obtained on days pre-1 and 21. Nasal
cytology was evaluated every day except day 0. Pulmonary function
tests and chest x-rays were obtained on days pre-2 and 4. Serum for
IL-6 measurement was obtained on days pre-1, 1, 4, and 21.

Cytology and inflammatory marker assessments. To evaluate cy-
tology from the nasal mucosa, cells were obtained by nasal swab.
Cells were dislodged from the swab in 1.5 ml of EMEM. Cells were
pelleted at 1,000 rpm for 5 min and resuspended in 0.5 ml of EMEM.
60 pl of cell suspension was cytospun onto slides and stained with
Wright’s stain. Samples were examined by light microscopy; 100-300
cells were counted and the cell differential was determined. IL-6 was
measured in serum using an ELISA kit (R & D Systems, Inc., Minne-
apolis, MN); the detection limit of the assay is 0.63 pg/ml.

Immune response against lipid and DNA. Serum samples were
analyzed for the presence of antibodies to the GL67:DOPE by
ELISA method. The samples were checked before treatment and day
21 after treatment. Briefly, diluted serum was allowed to react with
lipid coated onto microtiter plates and a horseradish peroxidase—con-
jugated antibody, specific for human IgG, was added. Binding was vi-
sualized by addition of enzyme substrate giving rise to a color reac-
tion. An increase in optical density above the baseline sample was
considered to be a positive response. Serum samples were analyzed
for the presence of antibodies to DNA by a similar ELISA method.
Diluted serum was allowed to react with DNA coated onto prota-
mine-treated microtiter plates. Detection of bound antibody was as
described above.

Measurement of nasal Vt. The transepithelial electrical potential
difference across the nasal epithelium (Vt) was measured using pre-
viously described methods (5). The reference electrode was a subcu-
taneous needle connected with sterile normal saline solution to a sil-
ver-silver chloride pellet. The exploring electrode was a pediatric size
8 Teflon-coated latex Foley catheter (modified; Riisch, Inc., Duluth,
GA) with two side holes at the tip. The catheter was filled with
Ringer’s solution containing (mM) 135 NaCl, 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 mea-
sured with a voltmeter connected to a strip chart recorder. The rub-
ber catheter was introduced into the nostril under telescopic guidance
and the side holes of the catheter were placed under the inferior nasal



turbinate 6 cm from the most caudal aspect of the columella. The
catheter was then left in that position for the entire recording period.
A continuous flow of solution at 5 ml/min was administered using an
infusion pump. The following solutions were administered in order:
Ringer’s solution; Ringer’s solution containing 100 wM amiloride
(Merck and Co., Inc., West Point, PA); a low Cl~ solution (in which
135 mM Na gluconate replaced 135 mM NaCl) with 100 uM amiloride
plus 10 wM terbutaline (Geigy Pharmaceuticals, Ardsley, NY); and a
low CI~ solution with 100 uM amiloride plus 10 uM terbutaline plus
100 M ATP (Sigma Chemical Co., St. Louis, MO). Each solution
was perfused for a period of at least 5 min. Once a stable Vt reading
was obtained, perfusion with the next solution was begun. The entire
procedure took ~ 30-45 min. Measurements of Vt were read by
two investigators who were blinded; there were no discrepancies of
> 2 mV. Values of Vt from the two readers were averaged.

PCR and RT-PCR. Samples were collected by brushing the nasal
cavity with a cytology brush. Samples from patients LC0O1-LCO06 were
prepared by swirling the collection brush in a sample tube containing
an RNase inhibitor, then the brushes were discarded. The collection
brushes for subsequent patient samples were retained and placed in
RNase inhibitor. Samples were stored at —80°C until ready for pro-
cessing using the acid guanidinium-phenol-chloroform method (17).
DNA was recovered from the organic phase using DNA STAT-60
(Tel-Test B, Inc., Friendswood, TX).

All amplification reactions were performed in a thermal cycler us-
ing Taq polymerase in a solution containing a final concentration of
10 mM Tris-HCI, pH 8.3, 50 mM KCl, 1.75 mM MgCl,, 0.01% gelatin,
200 mM each dTTP, dATP, dGTP, dCTP, and primers that span the
intron in the 5" UTR. PCR amplification products were analyzed by
electrophoresis in a 1.5% LE agarose gel (FMC Corp. BioProducts,
Rockland, ME). Semiquantitative reactions also contained [**P]dCTP
(New England Nuclear, Boston, MA). After photo documentation,
the gels were dried, scanned onto a PhosphorImager (Molecular Dy-
namics, Sunnyvale, CA) and the results were quantified using analy-
sis software. In addition to the study samples, water negative controls
and positive control samples were run in each assay.

A reaction that amplifies a genomic sequence in exon 20 of the
human CFTR gene was performed on all study samples as a positive
control using 400 nM of the primers hEx2OF and hEx2OR. Vector
DNA was detected using a nested PCR protocol. Sample DNA (1 pg)
was added to the first round reaction which contained 500 nM of each
primer MP9 and MP10. The PCR products from the first round of
amplification were diluted 1:100 in diethyl pyrocarbonate—treated
water, and 10 pl of this dilution of 1:1,000. The nested PCR reaction
contained 125 nM of each of the primers MP7 and MP8. The empty
vector pCF1-Null was also detected using a nested PCR protocol con-
taining 250 nM of the primers MP25 and MP26 in the first round and
250 nM of the primers MP27 and MP28 in the nested reaction.

An RT-PCR reaction testing for endogenous glyceraldehyde
3-phosphate dehydrogenase (GAPDH) message was performed on
RNA samples to confirm the integrity of the mRNA. Total RNA was
treated with DNase (Promega, Madison, WI) and cDNA was synthe-
sized using SuperScript II RT and primed with 0.2 pg of oligo dT
primer (GIBCO BRL, Gaithersburg, MD). The RT reactions were
run in duplicate with the second tube serving as a negative control
where no RT enzyme was added. The cDNA was amplified in a PCR
reaction using GAPDH primers obtained from a commercial kit
(Clontech, Palo Alto, CA). Vector mRNA was detected using a
nested RT-PCR protocol. Primer 977RT was used to prime the
cDNA synthesis reaction using AMV-RT enzyme and reagents from
a commercial kit (Invitrogen, San Diego, CA). RNA from 293 cells
transfected with the pCF1-CFTR plasmid was used as a positive con-
trol. DNase treatment before analysis was not performed since an in-
tron in the vector is spliced out of the mRNA and the resulting RT-
PCR products are distinguishable from the vector DNA amplification
products by size. RT reactions were performed in duplicate with the
second tube serving as a no RT negative control. The nested amplifi-
cation reaction was performed as described above using 125 nM of

each of the primers 701 and 1338 in the first round and 125 nM of
each of the primers 750 and 1211 in the nested reaction.

Sequences of the primers used in this study are: hEX2OF:
S’"AAGAACTGGATCAGGGAAGA 3'; hEX20R: 5'TCCTTT-
TGCTCACCTGTGGT 3’; MP9: 5'GCGTTCGTCCTCACTCTC
3’; MP10: 5"GGCGCTGTCTGTATCCTT 3'; MP7: 5'GGATCG-
GAAAACCTCTC 3'; MP8: 5'GCCTGCCACACCTCAAG 3'; MP25:
5'GCGTTCGTCCTCACTCTC 3'; MP26: 5’ATAGAGCCCACC-
GCATCC 3'; MP27: 5'CACTTTGCCTTTCTCTCC 3'; MP28:
5S"ATCCTCCCCCTTGCTGTC 3'; 977RT: 5’AGCGTTCCTCCTT-
CTTA 3’; 701: 5’CCTCACTCTCTTCCGCATCGCTGTC 3'; 1338:
5'GCCAGCTCTCTATCCCATTCTCTTTCCAAT 3’; 750: 5'CGG-
TTGAGGACAAACTCTTC 3’; and 1211:5' AAAAAGTTTGGA-
GACAACGC3'.

Results

Part A: Effect of GL-67:DOPE in non-CF subjects. To evalu-
ate the safety of the lipid vector alone in humans, we adminis-
tered GL-67:DOPE to the nasal epithelium of non-CF sub-
jects. Two subjects received 0.8 mg, two received 2 mg, and
two received 4 mg to one nostril. The contralateral nostril re-
ceived sterile water, the vehicle for the lipid. The normal sub-
jects were able to identify the nostril receiving lipid based on a
particular odor or taste. At the highest dose of GL-67:DOPE
(4 mg) one of the participants developed rhinorrhea and urti-
caria during infusion of the lipid into the left nostril. Most of
the symptoms resolved within 1 h and all symptoms resolved
within 11 h. This subject had a history of cholinergic urticaria,
a common condition in which urticaria is precipitated by many
different stimuli including stress or exercise. Therefore, it is
unclear as to whether the reaction was caused specifically by
the GL-67:DOPE. However, for part B of the study we used
the intermediate dose of 2 mg lipid.

The clinical assessment, cytology of nasal washes, serum
cytokines, and serum antibodies to DNA and GL-67:DOPE
showed no significant alterations in any subject 21 d after
treatment. To learn whether the lipids might injure the epithe-
lium or produce nonspecific changes in ion transport, we mea-
sured the nasal voltage. Fig. 1 shows that there were no signifi-
cant changes in basal Vt or the change in Vt produced by
perfusion with a solution containing a low CI” concentration
(AVt owortenn). Moreover, we saw no specific changes in re-
sponse to amiloride or to perfusion with a solution containing
alow CI™ concentration plus ATP (not shown). Comparison of
basal measurements to measurements after treatment showed
no changes nor were there any differences when the lipid-
treated and the control nostril were compared.

These results suggest that administration of lipid alone to
the nasal epithelium was safe in normal humans. Therefore we
progressed to test the effect of administering DNA complexed
to lipid in CF subjects.

Part B: Safety of DNA alone and DNA-lipid complexes in
CF subjects. In a double-blind fashion we administered 1.25
mg of pCF1-CFTR alone to the nasal epithelium of one nostril
and 1.25 mg pCF1-CFTR complexed with 2 mg GL-67:DOPE
to the nasal epithelium on the other side. We studied nine CF
subjects. Evaluation of adverse events in the airway epithelium
of patients with CF is complicated by the fact that these sub-
jects have chronic nasal inflammation. During the course of
the study the severity of inflammation varied, but we could dis-
cern no relationship between inflammation and vector admin-
istration. Cells obtained by nasal swabs showed a predomi-
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A GL-67:DOPE B Saline Figure 1. Nasal Vt measured in
0 \ 0 six normal subjects treated with
Vit 54 — S cither GL-67:DOPE (A and C)
(mV) 72 ‘ — or vehicle (B and D). A and B
-10 T -10T 7:’/’- show basal voltage and C and D
154 15+ show change in voltage produced
by perfusion of a solution con-
-20 -20 taining a low CI~ concentration
Pre Post Pre Post and terbutaline (AVt )
LowCl-Terb/+
C _R7- D . Each set of symbols and lines
0 GL-67:DOPE 0 Saline are data for an individual sub-
] k\: 5+ ject. Data points show average
AVt owCl-Terb -5 B v?lues:ef.o.re tre.atmefnlt. agd 4d
mvV 10+ -10+ % after administration of lipid or
( ) water. There were no significant
-157 -157 changes between pre- and post-
-20 -20 administration values or be-
Pre Post Pre Post tween lipid and water groups.

nance of squamous and respiratory epithelial cells with 0-10%
neutrophils and 0-5% lymphocytes. There were no significant
changes during the course of the study nor were there consis-
tent differences between the right and left nostrils. There were
no changes in any of the clinical assessments or cytology. We
could detect no measurable levels of serum antibody to GL-67:
DOPE or to pCF1-CFTR in any of the subjects. Pretreatment
levels of IL-6 were lower in sera of normal patients studied in
part A (range 0.63-2.5 pg/ml) than in the 12 CF patients stud-
ied in parts B and C (1.75-12 pg/ml). The higher basal levels of
IL-6 are probably due to the chronic inflammation in CF. In
three of the nine CF subjects (LC03, LC05, and LC07) there
was a slight increase in serum IL-6 levels at day 4. On day 21
the serum level of IL-6 remained elevated in one subject, re-
turned to basal values in one subject, and were not measured
in one subject.

These data suggest that there were little if any systemic or
local adverse effects that could be attributed to DNA or DNA-
lipid administration. The significance of the slight increase in
levels of IL-6 in three subjects is uncertain and it is not clear if
it resulted from vector administration. Future studies will be
required to evaluate the effect of repetitive administration and
administration to the lung.

Part B: Evaluation of electrophysiologic changes after ad-
ministration of DNA and DNA-lipid complexes. The goal of
gene transfer in CF is to correct the CFTR CI” channel defect
in airway epithelia. The presence of functional CFTR in the
epithelium can be evaluated electrically by measuring Vt.
There are two main changes in electrical properties in CF epi-
thelia: the basal Vt is increased and there is no hyperpolariza-
tion of Vt when the apical membrane is perfused with a solu-
tion containing a low concentration of ClI~ and a cAMP agonist
such as terbutaline (AVt;,ycitern)- We found no significant
change in basal Vt or the change in Vt during perfusion with
amiloride in any of the nine subjects in either nostril after
treatment. Moreover, there were no significant alterations in
the voltage induced by perfusion with a solution containing a
low concentration of CI~ and ATP, a maneuver that evaluates
the presence of Cl~ channels different from CFTR.

The electrical property that is most sensitive and specific
for the presence of functional CFTR is the AVt cptery- Fig. 2
shows average measurements of AVty .crter fOr each individ-
ual subject before and after administration of complexes of
pCF1-CFTR/GL-67:DOPE or pCF1-CFTR alone. During the
pretreatment period, AVt ,crter, Showed either little change
or a depolarization; the mean AVt; oy citer, Was +2 mV to +3

pCF1-CFTR

Figure 2. Change in voltage produced
by perfusion of a solution containing a
low CI™ concentration and terbutaline

pCF1-CFTR/GL-67:DOPE
8T 8T
471 + 4+
AVtLowCI-Terb“ -L* AVtLowCI-Terb" +
(mv) o =mY) g
-4+ -4+
-8 T 81

(AVty gwertery)- Data are pretreatment val-
ues (average of two measurements before
treatment) and posttreatment values (aver-
age of values for 4 d after vector adminis-
tration). Each set of symbols and lines are
from a different subject. Large bars and
standard error bars at sides of each panel
show average changes in AVty ,,crrer fOr

Pre Post Pre
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-PRE (1)

Amiloride

Amiloride

Terbutaline/Low Cl

Figure 3. Recordings of Vt from subject
LCO8 before and after administration of
pCF1-CFTR. Measurements were made

Amiloride
_40 i Terbutaline/Low Cl _40 .
mV mV
0 0-
41 DAY 1 4 DAY 2
Amileride -
-40+ -a Terbutaline/Low Cl -40
mV - mV
0. " 0.
4 DAY 3 1DAY 4
i Amiloride
W
-40+ W ‘\ Terbutaline/Low Cl -40 -
mV M _, o mV
0- 2 _I;l-in 0-

mV in both nostrils. These values are consistent with previous
measurements in CF subjects (4, 5, 13). After administration of
DNA or DNA-lipid complex, we observed substantial vari-
ability between individual subjects. However, both groups
showed a statistically significant correction in AVt ,ycptern. Al-
though it appeared that there was a trend for pCF1-CFTR
alone to produce a larger change in AVt oyciters, there was no
statistical difference between the pCF1-CFTR and pCF1-
CFTR/GL-67:DOPE groups.

We also examined changes with time during the 4 d after
treatment. Fig. 3 shows an example of the Vt measurements
from the pCF1-CFTR-treated nostril of one subject (LCOS).
On the two pretreatment days there was no sustained Vt re-
sponse to perfusion with a solution containing a low CI” con-
centration and terbutaline. Note that a transient hyperpolar-
ization was sometimes observed in CF subjects (day pre-1
shows an example) (5, 13). However, as described in Methods,
measurements were made after any transient changes had sub-
sided. On days 1 and 3 after administration of pCF1-CFTR,

Amiloride

on two pretreatment days and 4 d after
administration. Tracings were obtained
during continuous perfusion with Ringer’s
solution; times during which solution con-
tained 100 wM amiloride or a low CI~ solu-
tion with 100 M amiloride plus 10 uM
terbutaline are indicated.

Terbutaline/Low CI |
———— |

AVt owoiters hyperpolarized, a response consistent with correc-
tion of the CF electrophysiologic defect. However, it is inter-
esting that the changes were not observed on every day; on
days 2 and 4 there was no change in AVt yciter,- W€ show
these data from patient LCO8 because they are representative
in that with both DNA and DNA-lipid the response was ob-
served to vary from day to day. The variability in correction of
AVt swerter, Might be explained by day-to-day variability in
the placement of the recording electrode and/or spatial vari-
ability in the level of gene transfer throughout the nasal epi-
thelium.

We also analyzed the AVt e, With time for all the sub-
jects (Fig. 4). The average correction was relatively constant
with time for subjects treated with pCF1-CFTR. However,
there was a trend for AVt ,crrern t0 become progressively
more negative (hyperpolarized) with time after DNA-lipid ad-
ministration. Although the number of subjects is small, this
trend suggests that the complex with lipid might have delayed
gene transfer. This result suggests the possibility that com-

6 [JpCF1-CFTR/GL-67:DOPE
4 - < [}l pCF1-CFTR
o0
<3
AVH gwer-Ter 5 "h
mv) Z :
D
-2 4 6 Figure 4. Time-dependent changes in
3 AVt gwerters- Data are mean=SEM of val-
-4 - ues for all nine subjects determined on the
two pretreatment and four posttreatment
days. Open bars are data from nostril
-6 treated with pCF1-CFTR/GL67:DOPE
-2 -1 2 1 2 4 and shaded bars are data from nostril
Screen treated with pCF1-CFTR alone.
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o Left
10 . o ¢ Right
AV owcl-Terb o
5 1 *
(mV) o * o0 o o ®| Figwres. Individual values of AVt gycires
oe<o L L 2 O measured during pretreatment period from
Ole oo g g o ¢« o E oo 12 CF subjects. Values from each subject
0, Y o ¢ o o o Oeeeen on two different days are shown. Squares
show data from left nostril and diamonds
-5 are from right nostril.

plexes of DNA/GL-67:DOPE might have shown a greater cor-
rection if measurements had been made at times > 4 d.

Another way to assess whether administration of the
DNA-lipid complex produced a significant correction of
AVt owcrtery 18 to evaluate the number of days on which
AVt owertes hyperpolarized. Based on our previous studies,
we considered that AVt crer, hyperpolarized if perfusion
with the solution containing a low CI~ concentration caused Vt
to change in the negative direction by 2 mV or more. Fig. 5
shows all of the pretreatment values of AVt ,crter for the 12
subjects who participated in parts B and C. The data show that
in 2 of 47 pretreatment measurements, AVt o, cl.tery hyperpo-
larized by 2 mV or more. In contrast, after treatment with
DNA-lipid, 8 of 36 (22%) measurements of AVt ,ycirery, from
the treated nostrils showed hyperpolarization of 2 mV or more
(P < 0.001 compared with all pretreatment values, x? analysis).
In nostrils treated with pCF1-CFTR alone, 14 of 36 (39%)
measurements of AVt citers Showed hyperpolarization of
2 mV or more (P < 0.001 compared with pretreatment values,
x* analysis).

These data indicate that both DNA alone and DNA-lipid
complexes produced gene transfer to the nasal epithelium
which resulted in a significant correction of AVty o crrern- HOW-
ever, we did not observe a significant difference between the
two vector systems.

DNA/ DNA/ DNA/
lipid N2 ipid lipid

+ - + - + - + - -

DNA

Part B: PCR and RT-PCR after administration of DNA
and DNA-lipid complexes. 4 d after vector administration, we
brushed the nasal epithelium to collect cells for PCR and RT-
PCR, a maneuver that disrupts the epithelium and precludes
subsequent measurements of Vt. We were able to amplify vec-
tor-specific CFTR DNA from eight of nine nostrils treated
with pCF1-CFTR/GL-67:DOPE complexes and nine of nine
nostrils treated with pCF1-CFTR alone. In contrast, we could
not detect a signal in any of the nostrils that received the lipid
only in part A of the study. Our brushed sample collected
~ 10° cells 4 d after administration.

We attempted RT-PCR on all of the samples. However, in
the first six subjects we believe the RNA was degraded be-
cause we could detect neither endogenous transcripts of
GAPDH nor vector-encoded transcripts. This may be because
the sample size was small and/or abundant RNases in the nose
may have degraded transcripts. In the last three subjects,
GAPDH transcripts were detected by RT-PCR amplification
demonstrating integrity of these samples. In these samples,
RT-PCR for vector-encoded CFTR transcripts was positive in
one of three nostrils treated with DNA-lipid and two of three
nostrils treated with DNA alone (Fig. 6). Despite the technical
difficulties in six of the nine subjects, the limited data from
RT-PCR support the electrophysiologic data which showed
correction with both DNA and DNA-lipid.

DNA

LCO08
Subject

LCO07
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LCO09

Figure 6. RT-PCR from three
subjects. Nostrils treated with
DNA-lipid or DNA alone are
indicated. Presence and absence
of RT are indicated. Lanes
marked 293 cells are a positive
control. Band at 481 bp is prod-
uct amplified from plasmid;
band at 238 bp is specific for
RNA due to removal of intron
by splicing. Note also that the
481-bp band is present in sam-
ples not treated with RT.

293
Cells



Part C: Evaluation of gene transfer with pCFI1-CFTR ver-
sus pNull. We were surprised to find that pCF1-CFTR alone
was as effective as the pCF1-CFTR/GL-67:DOPE complexes.
We considered the possibility that gene transfer in the nostril
treated with pCF1-CFTR alone could have resulted from con-
tamination by lipid administered to the contralateral nostril.
This at first seemed unlikely based on the known direction of
mucociliary clearance (18), on our previous studies using
methylene blue (2), and on our previous studies in which ade-
novirus was administered to one nostril and not detected in the
other (5). These data all suggested very little crossover from
one nostril to the other. However, to test this possibility fur-
ther, we studied three additional subjects with CF. We admin-
istered 1.25 mg of pCF1-CFTR alone to one nostril and an
identical plasmid that did not encode CFTR (pNull) to the
other nostril in a blinded fashion. We observed no changes in
clinical assessments, cytology, or antibodies in any subject.
Two of the three subjects (LC11 and LC12) had slight increase
in serum IL-6 level on day 4 which remained elevated on day
21 in one subject and returned to basal values in the other sub-
ject.

To assess the possibility of cross-contamination, we devel-
oped a semiquantitative PCR assay for both pCF1-CFTR and
pNull. An example of the standardization of the assay is shown
in Fig. 7 A. Fig. 7, B and C, shows the results of the PCR analy-
sis for the three subjects. Both pCF1-CFTR and pNull were
amplified from both nostrils. However, the amount of pCF1-
CFTR DNA amplified was always higher in one of the nostrils.
The amount of pNull amplified was higher in the contralateral
nostril.

Fig. 7 D shows measurements of AVt ,citer in the three
subjects. AVty o.crLters hyperpolarized in the right nostril of sub-
ject LC10 and the left nostril of LC12. There was no hyperpo-
larization in either nostril of subject LC11. The nostrils in
which AVt g.crters hyperpolarized were the nostrils which on
day 4 yielded the higher levels of pCF1-CFTR DNA (Fig. 7 B)
and the lower levels of pNull (Fig. 7 C). However, when we un-
blinded the study, we found that subject LC10 was randomized
to receive pCF1-CFTR to the left nostril even though we
found the highest levels of pCF1-CFTR DNA on the right nos-
tril and correction of AVt; jycyrer, ON the right nostril. We can-
not exclude the possibility of an error at the time of adminis-
tration. However, even in the absence of an error it appears
that the greater PCR signal from the CFTR DNA correlated
with the nostril that showed correction of AVt oycrerb-

Discussion

Our results show that a nonviral vector can transfer CFTR
cDNA to CF airway epithelia in vivo and partially correct the
Cl™ transport defect that characterizes the disease. Unlike
prior studies of cationic lipid or viral vectors in humans, DNA
alone was used as a control. In this nasal model of direct instil-
lation, the DNA-lipid complex was no more effective than
DNA alone.

In a previous study, Caplen et al. (13) administered com-
plexes of 300 g DNA with 1.5 mg DC-Chol:DOPE per nostril
at 10-min intervals over 7 h. Although not statistically signifi-
cant, the data showed a partial correction of AVt .cp.terp, and
positive RT-PCR results. The control group for that study con-
sisted of six different CF patients that received the equivalent
dose of DC-Chol:DOPE alone. None of the subjects received
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Figure 7. PCR of DNA and voltage changes in subjects treated with
pCF1-CFTR and pNull. A shows standardization of PCR, relating
amount of plasmid added to the reaction versus pixels of signal de-
tected. B and C show the pixels of signal from brush of left (open
bars) and right (shaded bars) nostrils of three CF subjects. D shows
average AVt ycrer, measured during the 4 d after administration of
pCF1-CFTR or pNull. pCF1-CFTR was delivered to the left nostril in
all three patients.

DNA alone. There are reports of two other studies in humans
in which DNA-lipid was administered to the nasal mucosa of
CF subjects. Gill et al. (14) used 40 or 400 pg of a plasmid en-
coding CFTR complexed with DC-Chol:DOPE and Porteous
et al. (15) delivered complexes of 400 g plasmid with 2.4 mg
DOTAP. The studies also suggest that there was some partial
correction of CI~ transport and positive results from RT-PCR
analysis of biopsy samples. However, in neither of those stud-
ies was DNA administered without lipid.

We chose GL-67:DOPE as our lipid vector for these stud-
ies based on an extensive screening study in mice (16). DNA
complexed with many different cationic lipids was adminis-
tered to the lungs of mice and gene transfer was evaluated by

Gene Transfer to Cystic Fibrosis Airway Epithelia 1535



measuring reporter gene expression in the whole lung. In those
studies complexes of DNA/GL-67:DOPE outperformed DNA
alone and several other cationic lipids. Our current results
raise questions about limitations of this assay for screening
purposes. First, the cells expressing the reporter included both
airway and peripheral cells but the relative amounts of each
were not known. The airway epithelia represent a small frac-
tion of total lung weight. Thus, it is likely that substantial gene
transfer occurred in cells other than airway epithelial cells.
Second, in this assay it is difficult to differentiate between low
level expression in many cells, versus very high level transgene
expression in a few cells. For CF, the former would be prefera-
ble since very little CFTR expression is required to generate
transepithelial CI~ transport. Third, it could be that optimiza-
tion of gene transfer to murine cells might be different from
that required for human cells. Given these considerations, how
might multiple lipids and formulations of nonviral vectors be
screened? Perhaps the mouse lung assay could be used to iden-
tify promising lipids which could then be tested in human epi-
thelia in vitro, and then human airway epithelia in patients. It
is also important to remember that our current studies were
done in airway epithelia in the nose and the transfection effi-
ciency may be either better or worse than that in the lower air-
ways. Additional studies will be required to assess the effi-
ciency of GL-67:DOPE as a vector in intrapulmonary airways.

In previous studies we and others have found that there are
several barriers to efficient cationic lipid—-mediated gene trans-
fer (19). These steps include the formation of heterogeneous
complexes, binding to the cells, internalization, escape from
endosomes, release of DNA from the lipid complex, and entry
into the nucleus. In preliminary studies, we found that human
airway epithelia that had developed into a mature differenti-
ated epithelium did not efficiently bind to DN A—cationic lipid
complexes. The resistance to transfection occurred as the epi-
thelia developed tight junctions and differentiated. In another
study Matsui et al. (20) found decreased binding and de-
creased uptake of DNA-LipofectACE complexes by islands
of differentiated airway epithelia in vitro. These in vitro data
suggest that transfection of airway epithelia with at least some
of the current DNA-lipid formulations is inefficient.

Our data showing that DNA alone can mediate gene trans-
fer to airway epithelia are supported by some studies in ani-
mals. Meyer et al. (21) compared delivery of DNA alone to
complexes of DNA with DOTMA-DOPE and DOTAP. They
found that neither cationic lipid enhanced gene expression
over that observed with DNA alone. However, they did find
that complexes prevented rapid degradation of the DNA.
Those results might explain the trend we observed for cor-
rection of AVt .citer, at later times when we used DNA-
lipid complexes. Malone (22) delivered DNA alone and com-
plexes of DNA with 1,2-dioleoyl-3-dimethylammonium-propane
(DODMP) and found that cationic lipid-mediated gene trans-
fer was more effective than DNA alone in delivering genes to
the lung parenchyma. However, in the airways the results were
reversed, with DNA generating greater gene transfer than
DNA-DODMP complexes. However, those reports used dif-
ferent lipids, making direct comparison to GL-67/DOPE dif-
ficult.

These results raise the interesting question of whether
DNA alone should be considered for gene transfer to airway
epithelia. In muscle, DNA alone is more effective for gene
transfer than DNA-lipid complexes (23, 24). Likewise, in a
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mouse melanoma, DNA alone was more effective than com-
plexes of DNA with DC-Chol:DOPE or 3:1 DOSPA (2,2-dio-
leoyloxy-N-[2(spermine-carboxamide)ethyl]-N, N-dimethyl-1-
1propanaminiumtrifluoroacetate):DOPE (Lipofectamine) (25).
In addition, recent reports suggest that DNA alone can
achieve significant gene transfer in liver (26-28), heart (29),
and synovium (30). Use of DNA alone in the lung might have
the advantage of low toxicity (12, 21). However, DNA alone
may have limitations for use in airways. First, the required
dose might be quite large. Second, aerosolization of DNA
causes it to fragment (31). However, our data suggest that plas-
mid-based systems may be feasible vectors and that further
work should focus on developing formulations and agents that
may compact and protect the DNA. For example, previous
studies have shown that cationic lipids can protect plasmid
DNA from fragmentation during aerosolization (31).

The ability of both DNA—cationic lipid complexes and DNA
alone to accomplish gene transfer to airway epithelia in vivo is
promising. However, our data underscore the point that addi-
tional investigation will be required to develop “gene transfer”
to the point at which it can be considered “gene therapy.”
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