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ABSTRACT

BACKGROUND

Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene
containing a premature termination signal cause a deficiency or absence of functional
chloride-channel activity. Aminoglycoside antibiotics can suppress premature termi-
nation codons, thus permitting translation to continue to the normal end of the tran-
script. We assessed whether topical administration of gentamicin to the nasal epithe-
lium of patients with cystic fibrosis could result in the expression of functional CFTR
channels.

METHODS

In a double-blind, placebo-controlled, crossover trial, patients with stop mutations in
CFTR or patients homozygous for the AF508 mutation received two drops containing
gentamicin (0.3 percent, or 3 mg per milliliter) or placebo in each nostril three times
daily for two consecutive periods of 14 days. Nasal potential difference was measured
at base line and after each treatment period. Nasal epithelial cells were obtained be-
fore and after gentamicin treatment from patients carrying stop mutations, and the
C-terminal of surface CFTR was stained.

RESULTS

Gentamicin treatment caused a significant reduction in basal potential difference in
the 19 patients carrying stop mutations (from —45+8 to —34+11 mV, P=0.005) and a sig-
nificant response to chloride-free isoproterenol solution (from 0+3.6 to —5+2.7 mV,
P<0.001). This effect of gentamicin on nasal potential difference occurred both in pa-
tients who were homozygous for stop mutations and in those who were heterozygous,
but not in patients who were homozygous for AF508. After gentamicin treatment, a sig-
nificant increase in peripheral and surface staining for CFTR was observed in the nasal
epithelial cells of patients carrying stop mutations.

CONCLUSIONS
In patients with cystic fibrosis who have premature stop codons, gentamicin can cause
translational “read through,” resulting in the expression of full-length CFTR protein at
the apical cell membrane, and thus can correct the typical electrophysiological abnor-
malities caused by CFTR dysfunction.
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YSTIC FIBROSIS IS CAUSED BY MUTA-

tions in the cystic fibrosis transmembrane

conductance regulator (CFTR) gene that
lead to dysfunction of the CFTR protein, which is
an apical membrane protein regulating the trans-
portofchloride and sodium in secretory epithelial
cells.t Since the discovery of the CFTR gene, more
than 1000 mutations have been identified, includ-
ing missense, deletion or insertion, frame shift,
splice site, and nonsense mutations.2 Nonsense
or stop mutations contain signals that cause a trun-
cated or unstable protein, should result in a defi-
ciency or absence of CFTR chloride channels, and
are associated with a severe cystic fibrosis pheno-
type in most cases.3*

In addition to their antimicrobial activity, ami-
noglycoside antibiotics can suppress premature ter-
mination codons by allowing an amino acid to be
incorporated in place of the stop codon, thus per-
mitting translation to continue to the normal end
of the transcript. The mechanism of translation ter-
mination is highly conserved among most organ-
isms and is almost always signaled by an amber
(UAG), ochre (UAA), or opal (UGA) termination
codon. The nucleotide sequence surrounding the
termination codon has an important role in deter-
mining the efficiency of translation termination.5-
Aminoglycoside antibiotics can reduce the fidel-
ity of translation,® predominantly by inhibiting ri-
bosomal “proofreading,” a mechanism to exclude
poorly matched amino acyl-transfer RNA from be-
coming incorporated into the polypeptide chain.®
In this way aminoglycosides increase the frequency
of erroneous insertions at the nonsense codon and
permit translation to continue to the end of the gene,
as has been shown in eukaryotic cells,1° including
human fibroblasts.11 The susceptibility to suppres-
sion by aminoglycosides depends on the stop codon
itself and on the sequences surrounding it.

Howard etal. demonstrated that two CFTR-asso-
ciated stop mutations could be suppressed by treat-
ing cells with low doses of an aminoglycoside an-
tibiotic.12 Bedwell et al. demonstrated that after
incubation of bronchial epithelial cell line IB3-1,
which carries a W1282X mutation of CFTR, with ami-
noglycosides, cyclic AMP (cAMP)-activated chlo-
ride conductance and the expression of function-
al CFTR were restored to the apical membrane.13
Recently, Zsembery et al. isolated cholangiocytes
from the liver of a patient carrying the G542X mu-
tation of CFTR and incubated them with gentami-
cin, resulting in the expression of cAMP-activated

chloride transport.14 Thus, in vitro, gentamicin ob-
viated the effect of stop-codon mutations on the
transcription and translation of CFTR. This effect
has subsequently been demonstrated in a number
of models of other diseases caused by stop muta-
tions, including muscular dystrophy, 15 Hurler’s syn-
drome, 16 cystinosis, 17 late infantile neuronal ceroid
lipofuscinosis,18 and disorders involving the p53
gene.19

In a previous open pilot study, we found that
topical application of gentamicin drops to the nose
augmented chloride transport in epithelial cells of
nine patients with cystic fibrosis who had at least
one W1282X allele.2° Subsequently, Clancy et al., 21
in an open study, administered gentamicin intrave-
nously to five patients who were heterozygous for
stop mutations and found that four of the patients
had hyperpolarization of the nasal potential differ-
ence after the administration of isoproterenol, indi-
cating that chloride transport was induced across
the apical surface. In these studies, treatments and
outcome measures were not masked.

We performed a randomized, double-blind, pla-
cebo-controlled, crossover trial to investigate the ef-
fects of gentamicin on CFTR function in the nasal
mucosal cells of patients with cystic fibrosis and to
determine whether the effects are dose dependent.

METHODS

PATIENTS AND STUDY PROTOCOL

Patients with cystic fibrosis who were older than
nine years of age were eligible for the study. In all
patients, the diagnosis of cystic fibrosis was based
on typical respiratory and gastrointestinal manifes-
tations in the presence of elevated sweat chloride
levels. The human ethics committee of the Israeli
Ministry of Health approved this study, and written
informed consent was obtained from the patients
or their parents. No patient had received gentami-
cin or used nasal drugs including corticosteroids for
at least four weeks before the study. After measure-
ment of the base-line nasal potential difference, the
patients received eyedrops containing 3 mg of gen-
tamicin per milliliter (Garamycin, Schering-Plough
Laboratory) or an identical-appearing bottle of pla-
cebo drops. We used a dose that was effective in our
open pilot study.2° The patients or parents were in-
structed to instill for 14 days two drops in each nos-
tril three times daily (total daily dose, 900 pg) with
the head tilted back and then to remain still for sev-
eral minutes. The patients then returned for a sec-
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ond measurement of nasal potential difference and
received the placebo for a further two-week period
if they had initially received the gentamicin and the
gentamicin if they had initially received placebo.
The patients returned for a third measurement of
potential difference two weeks later. All vials were
returned after each two-week period, and the con-
tents were measured to determine compliance. The
patients and researchers were unaware of the con-
tents of all vials. The crossover design was chosen
because the severity of cystic fibrosis varies widely,
and it is thus preferable for each patient to serve as
his or her own control. The Department of Pharma-
cy of Shaare Zedek Medical Center, in Jerusalem,
performed the randomization and coding. Nasal po-
tential difference was measured at the end of each
two-week period (Fig. 1).

At the end of the trial a group of patients volun-
teered to participate in an open-label dose-response
study involving increasing concentrations of genta-
micin for successive periods of two weeks, with na-
sal potential difference measured at the end of each
period. The protocol was similar to the initial study
in that two drops were instilled intranasally three
times daily. Each patient received vials of gentami-
cin in increasing concentrations, from 6 mg per mil-
liliter (total daily dose, 1800 pg) to 9 mg per milliliter
(2700 pg) and 12 mg per milliliter (3600 pg), for suc-
cessive two-week periods. Nasal potential difference
was measured at the end of each two-week period.

MEASUREMENTS OF NASAL POTENTIAL
DIFFERENCE

Transepithelial nasal potential difference was de-
termined by measuring the potential difference in
values between a fluid-filled recording bridge on
the nasal mucosa and a reference bridge (21-gauge
needle filled with Ringer’s solution in 4 percent
agar) inserted into the subcutaneous space of the
forearm.22 Both bridges were linked by calomel elec-
trodes to a high-impedance, low-resistance buft-
er amplifier (Department of Medical Engineering,
Hospital for Sick Children, Toronto). Under direct
vision, the catheter was advanced with the use of an
otoscope through the inferior meatus of both nos-
trils, and the potential difference was recorded at
various sites. After consistent base-line measure-
ments of potential difference were obtained, amil-
oride (10~* M) was superfused at a rate of 5 ml per
minute for three minutes. The resultant change in
the potential difference was recorded and expressed
as both an absolute change and a percent change

Measurement Measurement Measurement
of nasal potential of nasal potential of nasal potential
difference difference difference
Day 0 Day 14 Day 28
! ] ]
I T 1
Base After 2 wk After 2 wk
line of gentamicin of placebo
or placebo or gentamicin
Figure 1. Days on Which Nasal Potential Difference Was
Measured during the Four-Week Treatment Period.

from the maximal value at base line. To study nasal
chloride permeability and cAMP activation of chlo-
ride permeability, a large chloride chemical gradi-
ent across the apical membrane was generated by
superfusion of the nasal mucosa with a chloride-free
solution containing 10~# mol of amiloride per liter
atarate of 5 ml per minute for three minutes. The
mucosa was then perfused for three minutes with
the same solution, to which isoproterenol (10-5 mol
per liter) had been added. The change in the voltage
response during the final six minutes served as an
index of epithelial chloride transport.

IMMUNOFLUORESCENCE MICROSCOPY

OF PRIMARY HUMAN AIRWAY CELLS

Primary nasal epithelial cells from two patients with
cystic fibrosis who were compound heterozygotes
for the W1282X and the AF508 mutations and who
participated in the gentamicin study were obtained
by scraping before and after treatment with genta-
micin and were then spread on microscope slides.
Nasal epithelial cells were also obtained from three
healthy control subjects as positive controls. Cells
were fixed with ice-cold methanol for 10 minutes,
air-dried, and stored under dry conditions. Before
immunocytochemical analysis, samples were rehy-
drated in phosphate-buffered saline (pH 7.4) for 10
minutes and then treated with goat serum (1:20 di-
lution) for 30 minutes to block nonspecific protein-
binding sites. CFTR was detected with the mono-
clonal 24-1 antibody (5 pg per milliliter, American
Type Culture Collection HB-11947, R&D Systems),
which recognizes amino acids 1477 through 1480
at the C-terminal of CFTR protein. Nonimmune
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mouse IgG was used as a negative control. Anti-
mouse IgG (Alexa Fluor 594, Molecular Probes) was
used as the secondary antibody (1:500 dilution).
Slides were mounted with Vectashield medium con-
taining 4,6,diamidino-2-phenylindole, which stains
nuclei (Vector Laboratories). At least 150 cells from
each sample were studied on a Leitz epifluores-
cence microscope equipped with a step motor, fil-
ter-wheel assembly (Ludl Electronics Products),
and an 83,000-filter set (Chroma Technology). Im-
ages were obtained with a SenSys-Cooled, charge-
coupled high-resolution camera (Photometrics).
Partial deconvolution of images was performed
with use of [PLab software (Scanalytics). Images
were obtained in a random fashion. At least 15 ar-
eas of each sample were analyzed. The number of
cells presentin each area ranged from approximate-
ly 7 to 45 cells. The intensity of staining differed in
each sample. Therefore, all images were normalized
to higher background fluorescence intensity with-
out changing the maximal fluorescence intensity.
Preliminary experiments to test the specificity and
sensitivity of the assay were performed with the use
of cell preparations obtained from control subjects
and patients who were homozygous for the AF508
mutation.

STATISTICAL ANALYSIS

Data on potential difference were analyzed with use
of the procedure for a crossover design.23 Each var-
iable was evaluated for a carryover effect, a period
effect, and a treatment effect with the use of both a
parametric two-tailed t-test and the nonparametric
Mann-Whitney test. Had a significant carryover ef-
fect been found, the measurements obtained dur-
ing the second period would have been ignored and
only the measurements obtained in the first peri-

Table 1. Clinical Characteristics of the Patients.*
No. of Sweat

Group Patients  Age Chloride FEV,

% of

yr  mmol/liter predicted

Homozygous for stop mutation 11 23+11 96+17 67+17
Heterozygous for stop mutation 8 20+6 110+17 76+23
Homozygous for AF508 mutation 5 18+5 119+14 54+12

* Plus—minus values are means +SD. There were no significant differences
among the groups. FEV, denotes forced expiratory volume in one second.
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od would have been used. In order to identify a
change in potential difference of more than 5 mV in
response to a chloride-free isoproterenol solution
with 80 percent power and a type L error of 5 percent,
we calculated that we would need eight patients.
The dose-response effect was studied with use
of the repeated-measures analysis to check for a
significant trend using Hotteling’s Trace statistic,
as well as the nonparametric Friedman rank test.
The Wilcoxon signed-rank test was used to compare
the pretreatment results with those with 0.3 per-
cent gentamicin. Antibody staining was analyzed by
comparing by the Mann-Whitney test the percent-
age of total analyzed cells with the percentage of
cells that showed peripheral and surface staining
before and after treatment. All P values were two-
tailed, and a Pvalue of 5 percent or less was consid-
ered to indicate statistical significance. Values are
expressed as means +SD unless otherwise stated.

RESULTS

PATIENTS

Thirty-two patients were enrolled in the trial, and
25 completed the protocol (mean age, 21+8.5 years;
range, 9.5 to 52). The other seven patients did not
complete the study owing to intercurrent infections
during the four weeks of the study or to a self-admit-
ted lack of compliance. One patient was subse-
quently excluded who, when the volume of returned
gentamicin solutions was measured, had not used
the minimal volume required. Of the 24 study pa-
tients, 11 carried two stop mutations: 6 were homo-
zygous for W1282X, 3 were compound heterozy-
gous for W1282X/G542X, and 2 were compound
heterozygous for W1282X/3849+10KbC—T. The
3849+10kbC—T mutation can lead to the inclu-
sion of a cryptic 84-bp exon, which contains a stop
codon.24 Another eight patients were heterozygous
for stop mutations: six were AF508/W1282X, one
was G85E/ W1282X, and one was W1282X/un-
known. Ten patients first received gentamicin, and
14 patients first received placebo. In addition, five
patients who were homozygous for AF508 were
studied according to the same protocol and served
as a control group, since the 3-bp deletion mutation
AF508 is not expected to be affected by gentamicin
treatment. The relevant clinical characteristics of
the study groups are shown in Table 1. None of the
patients had serious sinus disease, coryza, nasal
polyposis, or hypoxemia in the month before the
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study or during the study. There were no significant
differences in the rates of colonization of Pseudomo-
nas aeruginosa between the groups.

MEASUREMENTS OF NASAL POTENTIAL
DIFFERENCE

The initial pretreatment nasal potential difference
value in all patients was typical of patients with cyst-
ic fibrosis. Basal potential difference was elevated
at —45+8 mV, as compared with —16x5 mV in the
control subjects without cystic fibrosis.25 The depo-
larization in response to amiloride was exagger-
ated (32+14 mV, as compared with 10+4 mV in the
controls),2> and there was no significant change in
the potential difference after superperfusion with
chloride-free isoproterenol solution. After 14 days
of nasal administration of gentamicin, the basal po-
tential difference was significantly reduced among
the 19 patients carrying stop mutations (from —45+ 8
to —34+11 mV, P=0.005), but there was no signifi-
cant change in the group that was homozygous
for AF508 (Fig. 2A). In 5 of the 19 patients (26 per-
cent) — 4 homozygotes and 1 heterozygote —
basal potential difference was reduced to a mean
of —21+2 mV; —28 mV is the upper limit of the nor-
mal range in our laboratory.25 Although there was
atrend toward an increase in the response to amil-
oride after gentamicin treatment, it was not statis-
tically significant (P=0.1) (Fig. 2B). The response to
chloride-free isoproterenol solution after gentami-
cin treatment among patients carrying stop muta-
tions was significantly different from the basal re-
sponse (0+3.6 mV at base line, as compared with
—5+2.7 mV after gentamicin treatment; P<0.001)
(Fig. 2C). In 11 of the 19 patients (58 percent), 7 ho-
mozygotes and 4 heterozygotes, the mean poten-
tial difference in response to chloride-free isopro-
terenol solution (a measure of chloride transport)
was —7x2 mV after gentamicin treatment; the nor-
mal range in our laboratory is —12+7 mV.25 In 4 of
the 19 patients (21 percent) both the basal poten-
tial difference and chloride transport were signifi-
cantly improved after gentamicin treatment; basal
potential difference (reflecting sodium transport)
was below —28 mV, and the potential difference in
response to chloride-free isoproterenol solution ex-
ceeded —5 mV, thus providing evidence of chloride
transport. Neither the carryover effect nor the peri-
od effect was significant. When the patients carry-
ing stop mutations were divided into those who
were homozygous for stop mutations and those who
were heterozygous, the differences in basal poten-

A
=57 P-0.04
-50-1 [
s I AF508/AF508
£ 451
(a) T
S 40
[
s
z
~354 )
= Stop mutation
o
-] _30_
-25
Base Line Placebo Gentamicin
B
) 40+
=
§ 38
£ 36
A 34
2 AF508/AF508
Q 32+
=
© é 304
3 28 |
Y
5 26 *St\L
@ 24 op mutation
[=]
o 22
[
x 20
Base Line Placebo Gentamicin
C
g 3] p<oo01
u
2 o
S E Stop mutation
.5 = -4
e
[ -2
2f ”
fruily 3
65 0 -
3 8 | i
2 24 AF508/AF508
g
Base Line Placebo Gentamicin
Figure 2. Mean Basal Nasal Potential Difference (PD)
(Panel A), PD after Amiloride Superfusion (Panel B),
and PD after Superfusion of Chloride-free Isoproterenol
Solution (Panel C) among 19 Patients with Cystic Fibro-
sis Who Were Homozygous for Stop Mutations or
Heterozygous for Stop Mutations and 5 Who Were
Homozygous for AF508.

tial difference and potential difference in response
to chloride-free isoproterenol solution were signifi-
cantly greater among the homozygous patients (Ta-
ble 2). One patient in the homozygous group and
one in the heterozygous group had no response to
gentamicin treatment.
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Table 2. Nasal Potential Difference (PD) Values before and after Gentamicin
or Placebo in the Three Groups.*
Homozygous Heterozygous Homozygous
for Stop for Stop for AF508
Mutation Mutation Mutation
Nasal Potential Difference (N=11) (N=8) (N=5)
mV
Basal
Base line -48+10 -42+3 -45+11
Placebo -46x10 -41+10 -41+14
Gentamicin -34+12 -34+9 -46+12
P value for treatment effect 0.0087 0.25%
Response to amiloride
Base line 3319 32+7 32£14
Placebo 34+11 2710 2610
Gentamicin 24+12 25+7 3349
P value for treatment effect 0.057 0.79%
Response to chloride-free
isoproterenol
Base line 0.4+4.6 -0.5+2 2.2+5
Placebo -0.4+2.7 -0.25+2 1.2+2
Gentamicin -5.5+2.8 -4.8+2.6 1.8+2.5
P value for treatment effect 0.0017 0.0363

3%

Plus—minus values are means +SD. For the comparison of placebo or genta-

micin with base-line values, only the P values for the treatment effect are
shown; the P values for carryover effect and period effect were not significant.

T A t-test was used.

1 The Mann-Whitney U test was used.
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After the randomization code was broken, six pa-
tients, five of whom were homozygous for stop mu-
tations and one of whom was heterozygous, who
had a response to gentamicin completed the open-
label dose-response trial with increasing concen-
trations of gentamicin drops. Overall there was a
further decrease in the basal potential difference
(P=0.05) and a trend toward a normal response
to amiloride, but no overall improvement in the
response to chloride-free isoproterenol solution,
which seemed to peak at the lowest dose of genta-
micin (3 mg per milliliter) (Fig. 3). When the re-
sponses to placebo and the 0.3 percent dose were
compared, there was a significant difference only
in the response to chloride-free isoproterenol solu-
tion (P=0.03).

DETECTION OF FULL-LENGTH CFTR PROTEIN

The effect of intranasal gentamicin treatment on
the “read through” of premature nonsense codons
was further analyzed in two of the patients with the
AF508/W1282X genotype who had a response to
gentamicin. Nasal potential difference was meas-
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A
50+
— 454
S
E
a5 407
a
T 354
S
z
5 30
@
254
-20
Baseline 0.3 0.6 0.9 1.2
Gentamicin Concentration (%)
B
8 457
S
E 40
<
o
E 35
-5
3E %
(1]
= 25+
G
b
5 20+
[-9
0
g 15
Baseline 0.3 0.6 0.9 1.2
Gentamicin Concentration (%)
C
$ 87 p-003
S _ -7
=5
]
e S
[ -
gs °
Z o _3-
5 3
d=
8% -1
0
& 0
Base line 0.3 0.6 0.9 1.2
Gentamicin Concentration (%)
Figure 3. Mean Basal Potential Difference (PD) (Panel A),
PD after Amiloride Superfusion (Panel B), and PD after
Superfusion of Chloride-free Isoproterenol Solution
(Panel C) in Response to Increasing Concentrations of
Gentamicin among Six Patients Carrying Stop Mutations.

ured and nasal epithelial cells were obtained before
and after gentamicin treatment. The detection of
full-length CFTR protein was performed in a blind-
ed fashion.

Before gentamicin treatment, the staining was
mainly perinuclear, with only 4 percent of cells
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showing staining throughout the cells and minimal
surface staining in some cells (Fig. 4B). Since the
patients were heterozygous for the AF508 muta-
tion, this pattern of perinuclear staining is consis-
tent with the endoplasmic reticular location of CFTR
proteins carrying the AF508 mutation. After genta-
micin treatment, there was a significant (P<0.01)
change in the pattern of staining toward a periph-
eral and surface pattern (Fig. 4C). This pattern was
similar to that observed in the control subjects.
These results indicate gentamicin-induced suppres-
sion of the nonsense mutation, resulting in the pro-
duction of full-length CFTR, and they are consis-
tent with the measurements of potential difference
showing improvementin chloride transport in these
patients.

DISCUSSION

In this double-blind, placebo-controlled, crossover
study, we found that application of gentamicin to
the nasal epithelium restored CFTR function in
about 90 percent of patients with cystic fibrosis who
had stop mutations in CFTR. After gentamicin treat-
ment, the electrophysiological abnormalities caused
by the CFTR defect resolved in 21 percent of the pa-
tients and chloride or sodium transport was restored
in 68 percent. Gentamicin seems to be more effec-
tive in patients who are homozygous for stop muta-
tions than in those who are heterozygous. Further-
more, staining the cells with an antibody against
CFTR, which recognizes a region in CFTR beyond

the W1282X mutation, showed an increase in the
number of cells with surface staining, indicating the
delivery of full-length CFTR proteins to the apical
membrane. These results provide direct evidence
that gentamicin treatment of patients with cystic fi-
brosis and the stop mutation W1282X can induce
the synthesis of full-length CFTR.

This correction of the abnormal potential dif-
ference and the appearance of full-length CFTR on
the cell surface support the findings of previous
studies, which showed that gentamicin can promote
“read through” of stop mutations. Two of the pa-
tients carrying stop mutations had no response to
gentamicin. The reason for this lack of response is
unknown. It might result from inefficient uptake or
distribution of gentamicin in these patients. How-
ever, there might be a molecular explanation for this
lack of response, involving the mechanism of the
suppression of the nonsense codon by gentamicin.
This complex mechanism of suppression requires
the aminoglycoside to bind to the decoding center
of ribosomal RNA during translation of nonsense
transcripts. This binding alters the RNA conforma-
tion, reducing the accuracy of the codon—anticodon
pairing. In the patients with no response, ineffici-
ency of any of the steps in this mechanism could
have resulted in insufficient levels of full-length
CFTR protein and thus a failure to restore the func-
tion of the protein.

The response to amiloride was not strongly in-
fluenced by gentamicin. This has been reported by
other investigators using responses in the nasal po-

Figure 4. An Example of Immunostaining for the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) in a
Negative Control Involving Nonimmune Mouse CFTR IgG (Panel A) and in a Patient with the W1282X/AF508 Mutation
before (Panel B) and after (Panel C) Gentamicin Treatment (x100).

The CFTR-positive cells have a peripheral and surface pattern of staining after gentamicin treatment.
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tential difference to measure the effect of a drug on
CFTR function.2¢ The effect of gentamicin might
have been sufficient to induce only partial inhibition
of the epithelial sodium channel, causing a change
in basal potential difference but not in the response
to amiloride. Furthermore, the response to amilo-
ride is dependent on the basal potential difference,
and the difference in response becomes less prom-
inent as that value decreases.

The aminoglycoside antibiotic gentamicin is very
commonly used for severe gram-negative infec-
tions. Its antibacterial activity results from binding
to the bacterial 16S ribosome unit, causing misread-
ing of messenger RNA codons. Gentamicin is rou-
tinely administered for its antibacterial effect both
intravenously and topically by means of aerosolized
inhalation in patients who have respiratory exacer-
bations of cystic fibrosis. The clinical response to
gentamicin in some cases was unrelated to the de-
velopment of aminoglycoside resistance or the erad-
ication of pseudomonas. However, its use is limited
by a lack of bioavailability owing to gastrointestinal
absorption and by severe renal toxicity and ototox-
icity at relatively low serum concentrations.

Administration of aminoglycosides by inhala-
tion has become a common and standard therapy
in patients with cystic fibrosis and has minimal
side effects. This route results in higher concentra-
tions in the respiratory system than does the intra-
venous route, with very low serum concentrations.
Although we did not include a study group that
was given an antibiotic other than an aminoglyco-
side, it is unlikely that the response to gentamicin
was due to its antimicrobial effect, since the drug
had an effect only in patients carrying stop muta-
tions and not in those who were homozygous for
the AF508 mutation.

In vitro studies using quantitative immunobhis-
tochemistry have shown that after incubation with
an aminoglycoside, cells from patients with cystic
fibrosis have as much as 25 percent (in those with
the R553X mutation) to 35 percent (in those with
the G542X mutation) of the concentration of full-
length CFTR observed in cells transfected with a
wild-type CFTR complementary DNA.12:13 This in-
crease in functional CFTR might exceed the thresh-
old required for normally functioning respiratory
epithelial cells and might thus have corrected cell-
membrane function in our patients. Furthermore,
gentamicin is expected to be more effective in pa-
tients carrying two alleles with stop mutations than
in those with only one stop mutation, because it

promotes “read through” of both alleles. The clini-
cal significance of the changes we observed in na-
sal potential difference and the appearance of CFTR
at the apical surface of nasal epithelial cells in the
immunofluorescence study is unknown. Further
clinical studies are required to address this issue.

Invitro studies showed that after treatment with
gentamicin, full-length CFTR was observed on im-
munoprecipitation assay, and the concentration in-
creased as the dose increased from 0.1 to 0.4 mg of
gentamicin per milliliter.12 The standard gentami-
cin drops that we used were approximately 10 times
this concentration. It is difficult to extrapolate di-
rectly from the in vitro studies the maximal effec-
tive topical dose, since the drug is diluted by liquid
on the nasal surface and needs to cross extracellu-
lar barriers before it reaches its target respiratory
epithelium. However, experiments showing a dose-
dependent response in vitro have largely been con-
firmed by our in vivo results.

The identification of clinically useful methods
to suppress premature stop mutations within the
CFTR gene might be of benefit to patients with cyst-
ic fibrosis and patients with other diseases caused by
stop mutations. Since nearly one third of genetic de-
fects are caused by stop, or nonsense, mutations,
this approach to suppressing mutations may be ap-
plicable to the treatment of many other inherited
diseases. In a mouse model of Duchenne’s muscu-
lar dystrophy, aminoglycosides have increased the
expression of full-length protein from a dystrophin
allele carrying a stop mutation.3 However, these re-
sults were not reproduced in patients with muscu-
lar dystrophy.2? Encouraging results have also been
obtained in Hurler’s syndrome. Fibroblasts carry-
ing a stop mutation were cultured in the presence
of gentamicin and demonstrated a significant in-
crease from base line in a-L-iduronidase activity.14
Helip-Wooley et al. have demonstrated that the ad-
dition of gentamicin to cystinotic fibroblasts leads
to the depletion of intracellular cystine in cell lines
with a stop mutation only.1” Keeling and Bedwell
have recently shown that aminoglycosides may sup-
press stop mutations in the p53 gene associated with
cancer.1?

The issues of the route of administration and
safety of aminoglycosides need to be addressed. We
have shown that short-term exposure of the nasal
epithelia to gentamicin is associated with measur-
able CFTR-mediated chloride transport. Whether
longer exposures will be tolerable, effective, and safe
has yet to be determined. The risk that gentamicin
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may have adverse effects on the translation mecha-
nism of other genes needs to be studied. Further-
more, it is not yet known how much mutant CFTR
must reach the apical membrane to induce a clini-

cally relevant beneficial effect.
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