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Respiratory failure due to airway infection, inßamma-
tion and bronchiectasis is almost universal in CF.
Hypoxemic failure is primarily caused by ventilation-
perfusion mismatching and alveolar hypoventilation, and
can often be treated effectively with supplemental oxy-
gen. Hypercapnic failure, caused by alveolar hypoventi-
lation, can be treated by standard therapy for airway
infection and inßammation, while the resultant acidosis
is initially compensated by metabolic alkalosis. Treat-
ments eventually loss effectiveness, and death ensues.
Preparing the patient, family and care team for this clini-
cal course requires empathy, skill and experience.

Conventional mechanical ventilation thorough endo-
tracheal tubes has rarely been indicated for CF. A 1978
review of 46 CF patients with respiratory failure treated
by mechanical ventilation demonstrated poor immediate
and long term survival, as most died during or shortly
after the episode (1). However, a 1989 review of 5
infants with acute respiratory failure demonstrated 100%
survival, and long term survival comparable to age and
gender matched CF controls who did not have respirato-
ry failure (2). Thus, mechanical ventilation is often
appropriate for CF patients with acutely reversible com-
plications. For most CF patients with respiratory failure
that progresses despite maximal standard therapy,
mechanical ventilation may prolong life for a short time,
but is unlikely to improve survival or quality of life sig-
niÞcantly. 

The development of effective lung transplantation
techniques provided a dramatic therapeutic option for
end-stage CF lung disease. The risks of surgery,
immunosuppression, and infectious and other complica-
tions are signiÞcant, but many CF patients have enjoyed
dramatic improvements in their pulmonary function, sur-
vival, and quality of life. The supply of donor organs is
much less than the demand, and the average time from
acceptance as a lung transplant candidate to actual trans-
plantation is about two years. The indications, con-
traindications, complications, and other aspects of lung
transplantation were summarized in a CFF Consensus
Statement (3). 

Lung transplantation adds a new dimension to end-of-
life care and affects decision-making in numerous ways.
First, transplantation causes end-of-life decision-making
to begin earlier. Donor organs are allocated on the basis
of blood type and time on the waiting list. The waiting
time is currently two or more years (because of low
donor organ availability), and requires that transplanta-
tion be considered when natural survival is about this
long. The variable course of CF lung disease makes it

difÞcult to identify this point. The transplantation of lung
lobes from living related donors can provide with shorter
waiting times, but this procedure can be more complicat-
ed. In general, transplantation and end-of-life care deci-
sions must be considered when respiratory and overall
functions are relatively well preserved. This is an advan-
tage. Second, to minimize operative and post-transplant
risks, the care of transplant candidates is intensiÞed to
maximize lung function, nutrition, Þtness, and general
medical health prior to surgery.

Third, ventilatory support for CF patients with hypox-
emic and/or hypercapnic respiratory failure is appropri-
ate in several settings. Assisted ventilation by nasal or
face masks can improve gas exchange and respiratory
muscle function (4, 5). Fourth, mechanical ventilation
through cuffed endotracheal tubes is feasible, but com-
promises the ability to cough and clear secretions. Thus,
life can be sustained, but at the cost of worsening lung
function, impaired communication, and increased risk of
major complications. Despite several notable exceptions,
experience at the University of North Carolina suggests
that CF patients with severe hypercapnic respiratory fail-
ure (PaCO2>100) can be sustained on conventional ven-
tilators for only several weeks. Therefore, we consider
instituting time-limited conventional ventilation for CF
lung transplant candidates who are at the top of the can-
didate list and who select this option after thoroughly
understanding the risks and beneÞts. 

Fifth, terminal phase of care is affected. Patients who
decline or do not qualify for transplantation, who are
removed from transplant waiting list because of compli-
cations, or who have severe respiratory failure when the
waiting time for donor organs is still too long, should
receive standard terminal care as summarized in the
other sections of this symposium. Individuals who opt
for mask or conventional ventilatory support may have
several weeks or months of continued hope for a suc-
cessful operation. These efforts may be met with dramat-
ic success or tremendous disappointment. The later situa-
tion accentuates the loss, and can make grieving and
acceptance more difÞcult. Finally, death after failure of
transplanted lungs requires care and coping approaches
similar those summarized in the other sections of this
symposium. Most patients and their families have been
pleased with the clinical improvements following lung
transplantation, however brief, and would select the pro-
cedure again, even after experiencing serious complica-
tions Þrsthand.

In summary, lung transplantation offers a major
opportunity for improved life for CF patients, and sever-
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al advantages to end-of-life decision-making and care. It
provides a reason to address end-of-life issues when gen-
eral health is good, and decisions can be considered
without severe time-pressure. It provides hope for a dra-
matic improvement in function. It deÞnes some thera-
peutic choices more clearly. Transplantation also intro-
duces a new set of potential complications. Although it
does not remove the discomfort of death for the individ-
ual or their loved ones, it can extend productive life and
help to organize some end-of-life processes.
1. Davis PB, di SantÕAgnese PA. Assisted ventilation

for patients with cystic fibrosis. JAMA 1978;
239:1851-1854. 

2. Garland JS, Chan YM, Kelly KJ, Rice TB. Outcome

of infants with cystic Þbrosis requiring mechanical
ventilation for respiratory failure. Chest 1989;
96:136-138. 

3. Yankaskas JR, Mallory GB Jr. Lung transplantation
in cystic fibrosis: consensus conference statement.
Chest 1998;113:217-226. 

4. Hodson ME, Madden BP, Steven MH, Tsang VT,
Yacoub MH. Non-invasive mechanical ventilation
for cystic fibrosis patientsÑa potential bridge to
transplantation. Eur Respir J 1991; 4:524-527. 

5. Piper AJ, Parker S, Torzillo PJ, Sullivan CE, Bye PT.
Nocturnal nasal IPPV stabilizes patients with cystic
fibrosis and hypercapnic respiratory failure. Chest
1992; 102:846-850. 

S14.1
NEW CASES OF PSEUDOMONAS AERUGINOSA: 

RISK FACTORS AND OUTCOMES
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The majority of cystic Þbrosis (CF) patients are colo-
nized with Pseudomonas aeruginosa (PA) by seven years
of age and following colonization they are at increased
risk for subsequent hospitalization, worsening pul-
monary function, and possibly death.1-6 Risk factors for
colonization are numerous, including age, gender, lung
function, having a sibling with CF, the age at diagnosis,
and previous antibiotic use.6,7 Whether or not a patient is
cared for in a CF center and the the way the center iso-
lates patients may also be a risk factor for PA acquisi-
tion.8,9 Additionally, early therapy may reduce the
chance of the PA persisting and result in an improved
prognosis.11,12

The Epidemiologic Study of Cystic Fibrosis (ESCF)
includes serial data from over 20,000 CF patients collect-

ed over four years. We designed this study to address the
speciÞc questions: 1) What are the risk factors for new
detection of Pseudomonas aeruginosa?, 2) For patients
with newly detected PA, what are the predictors of treat-
ment and follow-up within 3-12 months?, and 3) What is
the probability of and predictors for persistence of PA in
the year following new detection?

Patient Selection: Patients were included if they had at
least three years of active follow-up in ESCF, they had at
least two cultures negative for PA during the year prior
to and the year following study enrollment, and had at
least one culture reported during the second year follow-
ing enrollment. Patients with cultures for B. cepacia and
S. maltophilia were excluded.

Methods: Patients were divided into PA positive and

Table 1.
New Pseudomonas aeruginosa cases separated by age. (number in cell and % of age group)

0-5 years 6-12 years 13-17 years 18-24 years ³25 years

Negative 528 (81%) 600 (83%) 176 (77%) 76 (75%) 64 (85%)
Positive 123 (19%) 122 (17%) 53 (23%) 26 (25%) 11 (15%)

Table 2.
New Pseudomonas aeruginosa cases separated by baseline percent predicted FEV1.*

FEV1³80% 60²FEV1<80% 40²FEV1<60% FEV1 <40%

Negative 550 (84%) 247 (76%) 117 (79%) 14 (78%)
Positive 101 (16%) 77 (24%) 32 (21%) 4 (22%)

*number of patients in cell and % of FEV1 group
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PA negative groups based on whether a culture at any
time during the second year following enrollment was
positive for PA. Baseline data included: age, gender,
genotype, pulmonary function, disease severity, nutri-
tional state, prior infection and therapy for other bacteria,
frequency of clinic visits and bacteria cultures, and sev-
eral variables describing the center (i.e. size, microbiolo-
gy protocol, etc.). Therapy response to the new PA
detection included whether or not the patient was treated
with anti-pseudomonas antibiotics in the three months
following the culture. Finally, follow-up measures
included the frequency of clinic visits and re-culture dur-
ing the year following new detection.

Results: 1779 patients had at least two negative PA
cultures during enrollment and the Þrst study year plus
three years of data. 335 (19%) of these patients had their
first recorded positive PA culture during the second
study year. The risk of a new positive culture was unre-
lated to gender (female 19%, male 18%), was similar for
all age groups (Table 1), and did not appear related to
lung function (Table 2).

Following a new positive culture, only 46% of patients
received PA speciÞc antibiotic therapy within the subse-
quent three months. Older patients were slightly more
likely to be treated.

These preliminary results suggest that the risk of a
new positive culture is not related to age, gender, or lung
function. This suggests that all PA culture negative
patients are at similar risk of being infected by environ-
mental exposure. Additionally, it appears that their is no
consensus about whether or not patients with a new posi-
tive culture for PA should be treated. Whether or not
early treatment will effect outcome requires longer
patient follow-up.
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MEASURING OUTCOMES IN ESCF: CAN WE DO IT?
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The management of cystic Þbrosis patients is generally
carried out by a small group of care centers following
guidelines produced by the Cystic Fibrosis Foundation1.
Although care is generally uniform, factors such as cen-
ter size, geographic location, variations in physician
practice and the influence of third party payers might
affect practice and outcomes. Two recent developments
underscore the importance of reviewing CF care; the jus-
tifiable concern over the increasing cost of providing
appropriate healthcare and, in the Þeld of CF, the intrigu-
ing data from Europe suggesting that aggressive and

costly management of Pseudomonas colonization can
improve survival2. 

In a review of outcomes in CF practice, the ideal out-
come would be mortality. However since relatively few
patients die in the short term, pulmonary function has
been validated as a surrogate3. In patients too young for
reliable spirometry, weight for age might be a useful
substitute.

We studied the lung health and nutritional status of a
large cohort of patients to determine if there were consis-
tent association of outcomes with practice at CF care
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sites. We hypothesized that 1) detectable differences in
lung health existed between centers, 2) detectable differ-
ences in nutrition existed between centers, and 3) associ-
ations existed between practice patterns and lung health.
Such differences would represent associations, and not
necessarily causation. For example, differences among
centers could result from practice or from unexplained
differences in the patients available to the centers.

Comparisons were done separately for four different
age groups (<6, 6-12,13-17,>18). For each age group,
sites were included if 10 or more patients in the age
group had been followed from Jan 1995 to Dec 1996.
For each site and age group, lung health at a center was
deÞned as the median of FEV1 values for the patients at
that site. Nutritional status at a center was deÞned as the
median of weight for age percentile. Patients from sites
with a total enrollment of less than 50 were pooled. For
each age group, the median values at eligible centers
were ranked in order from the highest to lowest value.
Rankings of centers tended to be consistent across all age
groups and from the beginning and end of the two year
reporting period. Pooled sites with less than 50 patients
tended to show results similar to those in the middle of
the rank order for larger sites.

The mean FEV1 and weight for age percentile for all
patients in the 25% of centers reporting the highest medi-
an values was compared to the mean values for the
patients in 25% of centers with the lowest ranked medi-

ans. Surprisingly large differences were observed
between the centers ranked in the upper 25% compared
to the lower 25%. (Table 1)

To examine these inter site disparities further we
reviewed center size, geographic location, visit frequen-
cy, use of routine therapies and types of antibiotic used
for prophylaxis and exacerbation. 

The results suggest that sites reporting higher values
for FEV1 and weight for age monitored patients more
frequently, reviewed spirometry more often and treated
patients more aggressively. Data to be presented in this
seminar will include a detailed review of the monitoring
and use of speciÞc therapies at different centers, focusing
particularly on the use of antibiotic interventions.
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The need to match medical intervention with project-
ed clinical course, especially because of the availability
of lung transplantation, demands that clinicians treating

individuals with cystic fibrosis (CF) refine to a maxi-
mum their ability to accurately predict progression of
lung disease. Epidemiologic studies like ESCF allow the

Table 1.
Characteristics of patients in the upper (U) and lower (L) quartile ranking centers by age group. P-values for FEV1 and
Wt. for age are from two sample t-tests within each age group.

Age 0-6 6-12 13-17 ³18

Ranking U L U L U L U L
Sites (n) 22 22 29 29 22 22 27 27
Patients (n) 415 554 1132 774 572 350 865 919

FEV1 (% pr.) Ñ Ñ 92 75 85 64 64 50
p= Ñ <0.001 <0.001 <0.001

Wt. for age (%) 46 29 35 31 31 20 36 30
p= <0.001 <0.001 <0.001 <0.001
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characterization of clinical phenomena in large popula-
tions and, hopefully, improve the ability of care givers to
extrapolate to individual patients in a more informed
manner. The present analysis will examine the predictive
factors of short term decline to Òsevere statusÓ in pul-
monary function, deÞned here as having an FEV1 of less
than 30% of predicted. A parallel analysis using FVC in
place of FEV1, with a cutoff of 40% of predicted, will
also be performed.

Previous studies have focused on decline in lung func-
tion or mortality in CF, and identiÞed important risk fac-
tors1,2,3,4,5. The Epidemiologic Study of Cystic Fibrosis
(ESCF) includes longitudinal data from over 20,000 CF
patients collected over four years, and thus presents an
opportunity to study risk factors in a very large popula-
tion. In this analysis, patients are included if they had at
least 3 years of potential follow-up, if they had at least
two stable PFTs in a ÒbaselineÓ period defined as 3
months before enrollment to 12 months after enrollment,
and if all stable FEV1 measurements in the baseline peri-
od were above 30% of predicted. In the Þrst set of analy-
ses (Case 1) the Òobservation periodÓ was the second
year after enrollment (12 to 24 months), and patients
must have had at least one stable spirometry during that
period. The patient is considered to have Òprogressed to
severe lung diseaseÓ if and when they Þrst had a stable
FEV1 below 30% in the observation period. For the
patients who did not progress, the point of reference is
their last stable PFT in the observation period.

Patients who progressed will be compared to patients
who did not progress, focusing on their characteristics

one year prior to progression (for those who progressed)
or the last stable PFT in the observation period (for those
who did not progress). These characteristics will include
PFT scores and indicators of clinical, nutritional and
microbiological status collected in ESCF. Independent
associations with progression will be determined using
logistic regression modeling. In addition, subsequent
outcomes in the 12 months following progression or the
last stable PFT will be compared, including death, trans-
plantation, and repeated low FEV1 scores. 

In a second, parallel set of analyses (Case 2) the third
year after enrollment (24 to 36 months) will be consid-
ered the observation period, and patients will be included
whose stable FEV1 measurements were all above 30%
predicted until at least two years after enrollment. This
will provide an opportunity for conÞrmation of the Þnd-
ings of the Þrst analysis, and to compare patient charac-
teristics two years prior to progression or the last stable
PFT.

The following summarizes a preliminary descriptive
analysis for Case 1. Findings for Case 2 were qualitative-
ly similar, as were the Þndings for FVC. The compar-
isons are all univariate, and describe how the characteris-
tics are individually associated with progression. A
systematic multiple logistic regression analysis will be
performed in order to select the important independent
risk factors from a larger list, including the above char-
acteristics plus additional microorganisms and medical
conditions collected in ESCF. Statistical inference will
be deferred to the presentation of the complete multivari-
ate analysis. 

Table.
Various characteristics at 12 months prior to progression or the last stable PFT, for patients who progressed or did not
progress in the observation period, for each of three FEV1 groups (Groups 4 and 5 were excluded due to the small
number of patients who progressed).

FEV1 Group

30-39 40-49 50-59
Progressed: Yes No Yes No Yes No

N 120 224 61 480 28 606

Age (mean, SD) 23 (10) 24 (10) 21 (10) 23 (10) 18 (7) 19 (9)

Male (%) 58 57 46 50 54 53

Pseudomonas aeruginosa (%) 81 83 80 79 79 78

Burkholderia cepacia (%) 12 6 8 4 11 5

Crackles (%) 66 67 72 53 54 40

Weight for age %tile (mean, SD) 16 (23) 22 (24) 20 (22) 24 (25) 14 (19) 26 (25)

% of ideal body weight (mean, SD) 92 (14) 94 (14) 95 (13) 97 (16) 92 (13) 98 (14)
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There were 5880 eligible patients for whom PFTs
were available at 12 months (plus or minus 3 months)
prior to progression or the last stable PFT. Grouping
patients by their FEV1 score at that time, we found that
the number of patients who declined to severe status was
120 (35%) out of the 344 patients with FEV1 between
30-39% predicted (Group 1); 61/542 patients (11%) with
FEV1 between 40-49% predicted (Group 2); 28/633
patients (4%) with FEV1 between 50-59% predicted
(Group 3); 2/730 patients (0.3%) with FEV1 between
60-69% predicted (Group 4); and 6/3,631 patients
(0.02%) with FEV1 at least 70% predicted (Group 5).

Univariate comparisons for various potential risk fac-
tors were stratiÞed by FEV1 group. Relative to the date
12 months prior to progression or the last stable PFT,
these characteristics were assessed at the most recent
clinic visit or microbiological culture. A few examples
are reported in the table. Progression does not appear to
be associated with age, sex, detection of Pseudomonas
aeruginosa, insulin use, or any hemoptysis in the previ-
ous six months. Progression does appear to be associated
with detection of Burkholderia cepacia. Patients who
progressed appear to have been lighter and smaller, as
expressed by weight for age percentile, percent of ideal
body weight, and height for age percentile. Patients who
progress appear to be more likely to have had crackles,
but not daily sputum, daily cough, or clubbing. The dif-
ferences for weight for age percentile, percent of ideal
body weight, and crackles appear to be greater for
patients who declined from a higher value.

The risk factors discussed here for decline in lung
function have been identiÞed previously in ESCF and
other studies, but the present study presents a unique
opportunity to identify risk factors for progression to
severe status in the short term. The apparent associations
shown here between potential risk factors and 

progression to severe status are suggestive, but the
detailed statistical analysis will reveal the significant
independent risk factors.
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Randomized placebo controlled trials are considered essential to determine the efÞcacy of any new therapy(1).

Patients meeting strict eligibility requirements are
enrolled into a study with a protocol which determines
physician behavior and frequency of evaluation. The
study of how drugs work in practice is more challenging
but can be approached by using clinical epidemiologic
databases. Determination of clinical beneÞt in these Òreal
lifeÓ studies is termed effectiveness(2). Pulmozyme¨

(dornase alfa recombinant) in conjunction with standard
therapies is indicated in the management of cystic Þbro-
sis patients to improve pulmonary function. Fuchs et al
demonstrated in a large randomized controlled study of
six months duration that patients had significant
improvements in pulmonary function relative to con-
trols(3) The purpose of the study was to determine
whether a large epidemiologic database could be used to
assess drug effectiveness using Pulmozyme as an exam-

ple.
This presentation will focus on effectiveness after 24

months of treatment with Pulmozyme. Only patients
aged 6 years or older and with a baseline FEV1 of at
least 40% predicted will be considered. In an earlier
analysis of Pulmozyme effectiveness after 12 months,
the control group consisted of 2382 patients who had
never received Pulmozyme compared to 283 who had
received the treatment. These patients had a baseline
spirometry and a second spirometry recorded 12 months
later. A baseline observation period of six months pre-
ceded the initial spirometry. The treated patients must
have started Pulmozyme therapy during the course of the
study, and there must have had a baseline spirometry
within a 3 month window before receiving Pulmozyme.
Furthermore, we required a 6 month observation period
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prior to the baseline spirometry.
The challenge of assessing effectiveness in a non-ran-

domized, observational study is exempliÞed by the base-
line differences between the patients who were treated
and those who were not treated with Pulmozyme. As
expected, on average the treated patients were sicker,
although a wide variation in severity was represented in
both groups. Patients treated with Pulmozyme had lower
mean baseline values for FEV1 (76.1%) compared to the
untreated comparison group (87.5%) despite a similar
mean age of 14.1 and 13.9 years respectively. They were
more likely to have reported positive respiratory cultures
for Pseudomonas aeruginosa (64.1% vs 46.7%). Pul-
monary exacerbations during the pretreatment baseline
period of six months were reported more frequently
(56.4%) in Pulmozyme treated patients compared to
untreated patients (22.2%). Despite these marked differ-
ences at baseline, mean values of FEV1 for patients treat-
ed with Pulmozyme improved. To estimate the true ben-
efit, covariate adjustment was performed with 14
characteristics known to affect pulmonary function
decline. This analysis provided an estimated beneÞt of
4.3% of FEV1 to Pulmozyme over the untreated patients
after 12 months (p<0.0001). 

A secondary analysis was also performed. This includ-
ed, in the actively treated group, those patients who had
not completed Pulmozyme treatment through the twelve
month spirometry. This was considered an Òintent to
treatÓ analysis and included an additional 191 patients.
Following covariate adjustment the estimate of treatment
beneÞt relative to the control group was 3.7% of predict-

ed FEV1(p<0.0001). 
This analysis provides an estimate of the benefit of

Pulmozyme in practice using methods to adjust for sig-
niÞcant selection bias in terms of disease severity. The
results are consistent with the Phase III controlled study.
Selection of patients with continuos treatment for the pri-
mary analysis could preferentially select those patients
who respond with a short term improvement in pul-
monary function. However the intent to treat analysis
suggests that a ÒresponderÓ selection effect is not the
cause of the observed beneÞt. The intent to treat analysis
suggest that patients who have incomplete therapy still
derive beneÞt. The initial goals of the study have been
met, since we have been able to use this large database to
assess drug effectiveness in the setting of current CF
practice. As these methods are refined it will become
possible to examine other therapies using similar meth-
ods.
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S15.1A
ROLE OF AIRWAY SURFACE 

LIQUID IONIC COMPOSITION IN CF
E.A. Cowley, K. Govindaraju and D.H. Eidelman
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The ionic composition of airway surface liquid (ASL)
remains a controversial topic within the CF world.
According to the traditional hypothesis of CF lung dis-
ease pathogenesis, absence of CFTR function leads to a
reduction in ASL volume that impairs mucociliary clear-
ance which in turn consequent development of airway
infection and CF lung disease. Under this hypothesis, the
sodium and chloride concentrations of ASL are predicted
to be close to those of plasma. This point of view was
challenged when Smith et al. proposed a novel hypothe-
sis to explain development of CF lung disease (1). They
carried out a set of elegant experiments using cultured
human epithelial cells. The ÒASLÓ produced in culture
was found to possess important antibacterial properties,
mediated by a low molecular weight protein active
against several types of bacteria, including Pseudomonas

aeruginosa. This antibacterial activity was observed to be
highly dependent on the NaCl concentration of the ASL.
In this culture system, epithelial cells lacking CFTR pro-
duced ASL with higher sodium and chloride concentra-
tions that inhibited the antibacterial effect of the ASL.
This loss of antibacterial activity could be reversed by
transfecting functional CFTR into the cells or by reduc-
ing the NaCl concentration of the ßuid bathing the cells.
These observations led to the development of the
hypothesis that CF is associated with a failure to main-
tain hypotonicity of the ASL. The consequent high con-
centrations of Na and Cl in ASL interfere with its normal
antibacterial function, permitting the proliferation of bac-
teria and eventually the development of bronchiectasis
and CF lung disease. 

A key prediction of this hypothesis is that ASL is
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hypotonic in normals but less than in CF patients. The
true nature of ASL composition is thus a critical issue in
understanding the pathogenesis of CF. If, as predicted by
the classical electrophysiological studies the ASL is iso-
tonic, then the innate antibacterial properties of ASL
may not be central to the pathogenesis of CF lung dis-
ease. Alternatively if ASL is hypotonic in normals but
not in CF patients, then CF may be a disorder of innate
immunity in which the loss of ASL antibacterial proper-
ties results in the initiation of infection and inßamma-
tion.

ASL is composed of at least two layers, typically mod-
elled as sol and gel phases, whose thickness has been
estimated to lie between 10 to 40 microns depending on
the location in the airways. ASL is therefore very difÞ-
cult to sample in vivo without disturbing the underlying
airway epithelium. Furthermore, the source of the ASL
at any given point in the airway tree is problematic as
well. ASL may be produced by the action of the airway
epithelial cells themselves, by the mucous glands in the
trachea and bronchi, and at least in the lung periphery,
ASL may include contributions from the alveolar liquid
as well. This makes prediction of ASL composition
based on physiological studies on isolated or cultured
epithelium difÞcult.

Attempts to harvest ASL in humans have largely
focused on the use of small pieces of Þlter paper to col-
lect the ßuid. The ionic composition has then been ana-
lyzed by a variety of techniques. Joris et al. (2) using
energy dispersive X-ray analysis, found evidence that
ASL is hypotonic in normal subjects and asthmatics but
increased in patients with airway diseases including cys-
tic Þbrosis (2). On the other hand, Knowles and cowork-
ers (3) have presented evidence that nasal ASL in both
normal and CF patients is isotonic at least when the
mucous glands were carefully blocked pharmacological-
ly. Although they also found bronchial ASL to be hypo-
tonic, they argued that this was an effect of gland secre-
tion. They found no difference between CF and control
ASL. A potential limitation of these studies is the use of
Þlter paper to harvest the ASL. The Þlter paper technique
yields relatively large volumes of ßuid compared to the
thickness of the ASL, raising the possibility that the sam-
ples do not reflect the physiological characteristics of
ASL. 

Our own work has focused on developing methods for
measurement of ASL composition in living rats (4) and
mice. We have employed capillary electrophoresis (CE)
to measure inorganic and organic ion composition of the
ASL because of its ability to work with samples as small
as a few nanolitres. This makes it possible to directly
inject ASL into the CE device without pretreatment or
dilution. Another advantage of this approach is that by

adapting the analytical conditions, it is possible to quan-
titate the concentrations of any charged molecule includ-
ing large molecular weight proteins. Harvesting ASL
from small animals presents a number of challenges,
however. After considerable experimentation, we have
found that direct placement of a narrow bore capillary at
the distal end of the trachea results in the collection of
100-200 nanolitres over a few minutes (3 minutes in rats;
30 minutes in mice). ASL measured from both rats and
mice using this approach are consistently hypotonic,
although there appear to be important species differ-
ences. The Na and Cl content of mice is quite close to
that previously reported in humans. Although have
found no differences so far in the ionic composition in
control and cftr-/- knockout mice, Pseudomonas aerugi-
nosa infection in mice leads to increased concentrations
of Na, Cl and K. Although these results support the
notion that rodent ASL is hypotonic, we have also
obtained indirect evidence that the liquid we harvest is at
least partly glandular in origin. Inbred strains of mice
differ in the ease with which ASL may be harvested and
our success in harvesting ßuid varies among strains in a
manner which correlates with the volume of the tracheal
mucous glands in each strain.

Regardless of whether the Smith hypothesis is ever
conÞrmed, there is little doubt that the composition of
ASL plays a key role in innate host defense of the air-
ways. Techniques like CE have the potential to permit
the detailed analysis of ASL in order to elucidate its reg-
ulation. As our understanding of the biology and physi-
ology of ASL improves, it should become possible to
advance new therapeutic strategies which can contribute
to the care of CF patients.
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S15.1B
ROLE OF AIRWAY FLUID IONIC 
COMPOSITION IN CF DISEASE 

John W. Hanrahan, Ph.D. 
Department of Physiology, McGill University, 

Montr�al, Qu�bec, Canada 

Despite considerable progress towards understanding
the structure and function of CFTR, fundamental ques-
tions remain concerning its role in transepithelial trans-
port, airways defense and pathogenesis of cystic Þbrosis.
It is important to understand the transport mechanisms
and abnormalities that are crucial to the disease process
when devising new therapies and testing their efÞcacies.
Two views of salt and fluid absorption across airway
epithelium have emerged. In both models, Na+ absorp-
tion is mediated by amiloride-sensitive channels and Cl-

is the counterion which moves across the epithelium to
maintain electroneutrality. However in one scheme
(model #1), Cl- ions diffuse through tight junctions
between the cells and water rapidly follows so that
osmotic gradients do not develop. In the other scheme
(model #2), Cl- ions follow Na+ by diffusing transcellu-
larly through CFTR channels in the apical membrane,
and water absorption does not keep up with salt absorp-
tion.

In principle, distinguishing between these hypotheses
should be straightforward because they make very differ-
ent predictions. Model #1 predicts that the NaCl concen-
tration of airway surface liquid (ASL) should resemble
that of plasma and should be unchanged in CF. Lack of
CFTR protein in the apical membrane should upregulate
both sodium channel activity (1) and isotonic fluid
absorption, thereby reducing the volume of ASL and
hindering mucociliary clearance. Model #2 predicts that
the NaCl concentration of ASL should be lower than that
of plasma, and this concentration difference between
ASL and plasma should be diminished in CF because
salt absorption requires CFTR. According to this hypoth-
esis, the lack of CFTR should lead to elevated salt con-
centration and reduced antimicrobial activity on the
epithelial surface (2). 

In practice, there has been little consensus concerning
the composition of ASL or the route of transepithelial Cl-

absorption. The periciliary sol layer which covers the
cells is only microns deep, therefore the volumes avail-
able are small and difficult to collect and analyze.
Absorption onto Þlter paper and aspiration into Þne cap-
illaries have been used successfully to obtain samples in
vivo, but such methods could potentially trigger local
fluid secretion that modifies the ASL being sampled.
This is particularly true for the large airways, where sub-
mucosal glands may elaborate a ßuid which differs from
that normally present on the airway surface. Small sam-
ples are also susceptible to evaporation, which could lead
to overestimation of the salt concentration in ASL. An

alternative approach is to place ßuid onto the surface of
normal or CF airway epithelial cultures and monitor its
composition with time. It remains uncertain if such cul-
tures fully recapitulate the transport processes occurring
in vivo. Despite these caveats, many studies have report-
ed salt concentrations of ASL collected in vivo and in
vitro. 

Surface liquid absorbed onto dry Þlter paper from the
large airways of normal humans and studied by X-ray
microanalysis yielded ~83 mM Na+ in normal individu-
als and 125 mM in CF (3). The estimates from normal
individuals agree with those reported by Wager et al. (4).
Using direct aspiration, Gilljam et al. (5) reported that
Cl- concentration was elevated in liquid from CF airways
(170 mM vs. 85 mM in normals). ASL collected by aspi-
ration and analyzed by capillary electrophoresis yielded
values of 41 mM (rat; ref. 6) and 87 mM (mouse; 7).
These reports are most compatible with model #2, but
high salt concentrations have also been reported for ASL
from dog and ferret trachea (158 - 172 mM Na+; 8), and
horse trachea (130-140 mM Na+; 9). Using a modiÞed
Þlter paper method, Knowles et al. (10) found ~115 mM
Na+ and no difference between normal and CF individu-
als, consistent with model #1. Until technical problems
are overcome and there is consensus regarding the ionic
composition in vivo, it will not be possible to use ASL
composition as a criterion for distinguishing between
models #1 and #2. The site of collection may be impor-
tant since both models may be correct, but only for par-
ticular regions of the airways. Finally, submucosal
glands must eventually be incorporated into a model
since they express CFTR at relatively high levels and
contribute to ASL in the large airways. 

If measuring ASL composition in vivo is problematic,
which in vitro experiments might be useful for distin-
guishing between the models? One direct test would be
to measure net Na+ absorption (using radiotracers) and
net ßuid absorption (using a volume marker) under open
circuit conditions, that is, in the presence of a sponta-
neous transepithelial voltage. If model #1 is correct, Na+

and ßuid absorption rate should both be increased in CF
due to elevated Na+ channel activity, and to the fact that
Cl- absorption does not require CFTR. A more precise
test of model #1 would be to examine the effects of
anion substitutions on net Na+ flux (again measured
using radioactive sodium). Amiloride-sensitive Na+

absorption should only be inhibited by Cl- removal if the
replacement anion cannot pass through the tight junc-
tions. Anions that permeate readily through the tight
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junctions should have little effect on sodium ßuxes under
these conditions even if they are impermeant in CFTR. If
model #2 is correct, Na+ and ßuid absorption should both
be decreased in CF since CFTR channels are required
for Cl- ions to follow Na+ in model #2, and absorption
would stop without a permeant counterion. Amiloride-
sensitive Na+ should be blocked by replacing luminal Cl-

with any anion that is impermeant in the CFTR channel. 
How would water permeability impact these models?

The airways have signiÞcant osmotic water permeability;
lower than leaky epithelia such as the renal proximal
tubule, but higher than some other urinary epithelia that
maintain osmotic gradients. The osmotic pressure of
ASL depends on the rate of active salt transport and on
transepithelial osmotic permeability, in other words, the
ability of water to follow salt absorption. Moderate water
permeability would be expected to diminish NaCl con-
centration gradients between the ASL and plasma, but
would not exclude model #2 if ASL failed to reach
osmotic equilibrium. If osmotic equilibration is rapid and
the ASL is hypotonic, then some other force must
oppose the osmotic effect of NaCl absorption. The force
of surface tension generated by cilia is in the right direc-
tion (11), but its contribution may be reduced by the
presence of a mucus layer. 

Studies of the small distal airways are needed since
these may be most relevant to CF disease. Accurate mea-
surements of ASL composition in vivo are essential not
only to understand the role of luminal salt (and salt-sen-
sitive antimicrobials) in airways defense, but also to
design physiologically-relevant solutions for in vitro
studies, and to validate cell cultures. A culture prepara-
tion that produces ßuid which is identical to ASL in nor-
mal or CF patients is probably good for transport studies.
The most difÞcult part may be obtaining the gold stan-
dard; the ionic composition of ASL in vivo.

References 
1. R. C. Boucher, C. U. Cotton, J. T. Gatzy, M. R.

Knowles, and J. R. Yankaskas. Evidence for reduced
Cl- and increased Na+ permeability in cystic Þbrosis

human primary cell cultures. J.Physiol.(Lond.)
405:77-103, 1988.

2. J. J. Smith, S. M. Travis, E. P. Greenberg, and M. J.
Welsh. Cystic fibrosis airway epithelia fail to kill
bacteria because of abnormal airway surface fluid.
Cell 85 (2):229-236, 1996.

3. L. Joris, I. Dab, and P. M. Quinton. Elemental com-
position of human airway surface ßuid in healthy and
diseased airways. Am.Rev.Respir.Dis. 148:1633-
1637, 1993.

4. G.N. Wager, N. Church, J.T. Gatzy, R.C. Boucher,
and M.R. Knowles. Airway surface liquid (ASL)
composition in normal humans. Am. Rev. Respir. Dis.
141:A106, 1990.(abstract)

5. H. Gilljam, A. Ellin, B. Strandvik. Increased
bronchial chloride concentration in cystic fibrosis.
Scand. J. Clin. Lab. Invest. 49:121-124, 1989.

6. E.A. Cowley, K. Govindaraju, D.K. Lloyd, and D.H.
Eidelman. Airway surface ßuid composition in the rat
determined by capillary electrophoresis. Am. J. Phys-
iol. 273: L895-899, 1997.

7. E.A. Cowley, K. Govindaraju, D.K. Lloyd, and D.H.
Eidelman. Is mouse airway surface ßuid hypotonic?
Ped. Pulmonol. Suppl. 14, 233, 1997. (abstract) 

8. N.P. Robinson, H. Kyle, S.E. Webber, and J.G. Wid-
dicombe. Electrolyte and other chemical concentra-
tions in the tracheal airway and mucus. J. Appl. Phys-
iol. 66:2129-2135, 1989.

9. L. Joris and P.M. Quinton. Filter paper equilibration
as a novel technique for in vitro studies of the compo-
sition of airway surface liquid. Am. J. Physiol. 263:
L243-L248. 

10.M.R. Knowles, J.M. Robinson, R.E. Wood, et al. Ion
composition of airway surface liquid of patients with
cystic Þbrosis as compared with normal and disease-
control subjects. J. Clin. Invest. 100:2588-2595,
1997.

11.J.H. Widdicombe and J.G. Widdicombe. Regulation
of human airway surface liquid. Respir. Physiol.
99:3-12, 1995.

S15.2
WATER TRANSPORT 

BY THE LUNG
Alan S. Verkman

Cardiovascular Research Institute & and Cystic Fibrosis Research Center, 
University of California, San Francisco, San Francisco CA 94143-0521

Substantial quantities of ßuid move across epithelial
and endothelial barriers in lung. In the perinatal lung,
ßuid absorption from the airspace occurs in preparation
for alveolar respiration. In the adult lung, movement of
salt and water between the airspace and capillary com-
partments is involved in the control of airspace hydration

and water content of the airway surface liquid layer, and
in the formation and resolution of pulmonary edema.
Several potential barriers exist for the movement of ßuid
in lung. The trachea and large airways contain an epithe-
lial cell layer, but represent a small fraction of the total
surface area available for fluid movement. The more
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numerous smaller airways also contain an epithelial cell
layer, but still represent a relatively small surface area. In
human lung, the total airway surface area is ~1.4 square
meters, which represents only about one percent of the
alveolar surface area of 143 square meters. The alveolar
epithelium thus provides the major surface for the move-
ment of salt and water. The alveolar epithelium contains
two cell types: type I cells, which make up the majority
of the alveolar epithelial surface but whose function is
relatively poorly understood, and type II cells, which
produce surfactant and transport salt actively. Movement
of water between the airspace and capillary compart-
ments also encounters potential permeability barriers in
the interstitium and capillary endothelium. 

The general paradigm for the transport of ßuid across
epithelia in lung is that active salt transport drives osmot-
ic water movement. Our lab has developed biophysical
methods to quantify osmotic water permeability of vari-
ous barriers in lung. Using a conventional instill/sample
method in sheep lung (1) and a pleural surface ßuores-
cence method in mouse lung (2), it was found that
osmotic water permeability between the airspace and
capillary compartment was very high, with a water per-
meability coefÞcient (Pf) of ~0.02 cm/s. Pf was weakly
temperature dependent and inhibited by HgCl2, suggest-
ing the involvement of molecular water channels (see
below). Pf across alveolar microvessels in intact lung
was estimated to be even higher (0.03-0.05 cm/s) by a
pleural surface ßuorescence method involving Þlling the
airspace with an inert perfluorocarbon (3). Using a
stopped-flow light scattering technique, Pf in
immunoisolated type I alveolar epithelial cells was found
to be exceptionally high (0.07 cm/s), which accounted
for the high transalveolar water permeability (4). Water
permeability across isolated microperfused distal air-
ways was found to be substantially lower (Pf~0.004
cm/s) than that across alveoli (5). Together these results
establish the barrier properties of lung tissues to water
movement.

There have been recent advances in understanding the
molecular mechanisms of water movement in lung. A
family of related molecular water channels (aquaporins)
has been identiÞed that currently number 10 in mam-
mals. The aquaporins (AQP) are small hydrophobic
membrane proteins (Mr ~30 kDa) with homology to the
Major Intrinsic Protein of lens Þber (MIP). Three aqua-
porins have been localized in lung: AQP1 in microvascu-
lar endothelia and some pneumocytes (1), AQP4 in the
basolateral membrane of airway epithelium (6), and
AQP5 in the apical membrane of type I alveolar epithe-
lial cells. Aquaporin-type water channels have not yet
been identified at the basolateral surface of alveolar
epithelium or the apical membrane of airway epithelia.
The speciÞc localization of aquaporins to endothelial and
epithelial cells suggests a possible role in lung water
movement. Other indirect evidence supporting a physio-
logical role for aquaporins in lung include the increase in

aquaporin expression and lung water permeability
around the time of birth (7), and the high water perme-
ability described above. 

To study the physiological role of aquaporins, we have
generated transgenic null mice lacking AQP1 (8) and
AQP4 (9), and knockouts for several other aquaporins
are in progress. The AQP1 knockout mice manifest a
severe urinary concentrating defect, which was shown to
involved defective isosmolar ßuid reabsorption in proxi-
mal tubule (10) and low water permeability in the
descending limb of Henle. The AQP1 knockout mice
also have reduced survival at birth, are mildly growth
retarded and have defective dietary fat absorption. The
AQP4 knockout mice have a mild urinary concentrating
defect but no neuromuscular abnormalities. Initial evalu-
ation of lung phenotype of these mice was done (11).
Airspace-capillary Pf was reduced 10-fold by AQP1
deletion, but not affected by AQP4 deletion. The reduced
water permeability of microvessels in AQP1 null mice
was shown to slow the formation of hydrostatically-
induced interstitial edema. However, active isosmolar
reabsorption of alveolar ßuid was not affected by AQP1
or AQP4 deletion. Additional phenotype studies in aqua-
porin null mice are in progress to determine the role of
molecular water channels in lung ßuid balance.

References
1. Folkesson, H.G., M.A. Matthay, H. Hasegawa, F.

Kheradmand and A.S. Verkman (1994). Transcellu-
lar water transport in lung alveolar epithelium
through mercurial-sensitive water channels. Proc.
Natl. Acad. Sci. USA 91:4970-4974.

2. Carter, E.P., M.A. Matthay, J. Farinas and A.S. Verk-
man (1996). Transalveolar osmotic and diffusional
water permeability in intact mouse lung measured by
a novel surface ßuorescence method. J. Gen. Physiol.
108:133-142.

3. Carter, E.P., B.P. �lveczky, M.A. Matthay and A.S.
Verkman (1998). High microvascular endothelial
water permeability in mouse lung measured by a
pleural surface fluorescence method. Biophys. J.
74:2121-2128.

4. Dobbs, L., R. Gonzalez, M.A. Matthay, E.P. Carter,
L. Allen and A.S. Verkman (1998). Highly water-
permeable type I alveolar epithelial cells confer high
water permeability between the airspace and vascula-
ture in rat lung. Proc. Natl. Acad. Sci. U.S.A.
95:2991-2996.

5. Folkesson, H., M. Matthay, A. Frigeri and A.S. Verk-
man (1996). High transepithelial water permeability
in microperfused distal airways: evidence for chan-
nel-mediated water transport. J. Clin. Invest. 97:664-
671.

6. Frigeri, A., M. Gropper, C.W. Turck and A.S. Verk-
man (1995). Immunolocalization of the mercurial-
insensitive water channel and glycerol intrinsic pro-
tein in epithelial cell plasma membranes. Proc. Natl.



Symposium Session Summaries 157

Acad. Sci. USA 92:4328-4331.
7. Carter, E.P., F. Umenishi, M.A. Matthay and A.S.

Verkman (1997). Developmental changes in alveolar
water permeability in perinatal rabbit lung. J. Clin.
Invest. 100:1071-1078.

8. Ma, T., B. Yang, A. Gillespie, E.J. Carlson, C.J.
Epstein and A.S. Verkman (1998). Severely impaired
urinary concentrating ability in transgenic mice lack-
ing aquaporin-1 water channels. J. Biol. Chem.
273:4296-4299. 

9. Ma, T., B. Yang, A. Gillespie, E.J. Carlson, C.J.
Epstein and A.S. Verkman (1997). Generation and

phenotype of a transgenic knock-out mouse lacking
the mercurial-insensitive water channel aquaporin-4.
J. Clin. Invest. 100:957-962. 

10.Schnermann, J., C.L. Chou, T. Ma, T. Traynor, M.A.
Knepper and A.S. Verkman (1998). Defective proxi-
mal tubular reabsorption in transgenic aquaporin-1
null mice. Proc. Natl. Acad. Sci. U.S.A. 95: In press.

11.Bai, C., M.A. Matthay, T. Ma and A.S. Verkman
(1998). Role of aquaporin water channels in lung
ßuid transport: phenotype analysis of aquaporin 1 and
4 knockout mice. Submitted.

S15.3
GENOTYPE/PHENOTYPE IN RELATION TO LUNG DISEASE
P.R. Durie, E. Tullis, M. Corey, L. Ellis, S. Martin, K. Jarvi, J. Zielenski, M. Gilljam and L-C. Tsui
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Medical Genetics, University of Toronto, Toronto, Canada

Since the CF gene was cloned a large number of
CFTR gene mutations (more than 700) have been identi-
Þed. There have been extensive efforts to establish corre-
lations between genotype and phenotype. Surveys of
large patient populations confirm a close association
between genotype and pancreatic function (pancreatic
sufficiency or pancreatic insufficiency). In general,
patients with ÒmildÓ mutations that confer the pancreatic
sufÞcient phenotype have less severe pulmonary disease.
Nevertheless, lung involvement shows a wide range of
severity even in patients with identical CFTR gene muta-
tions such as individuals who are homozygous for the
most common gene mutation (DF508). Furthermore,
over the past nine years, the ability to detect CF mutation
and to determine the bioelectric properties of the nasal
epithelium (nasal PD) has greatly expanded the CF clini-
cal spectrum. Many of these patients have monosympto-
matic Þndings at presentation which may include elec-
trolyte abnormalities, pancreatitis, liver disease, sinusitis
and in males some form of obstructive azoospermia. In
such cases demonstration of CF causing gene mutations

or the in vivo demonstration of abnormal ion transport
across the nasal epithelium, can be used for diagnostic
purposes. 

This presentation will highlight our ongoing efforts to
deÞne nasal potential difference measurements and the
CF phenotype in patients who present with ÒatypicalÓ or
ÒmonosymptomaticÓ forms of cystic Þbrosis (Supported
by the Canadian Cystic Fibrosis Foundation and NIH).
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S15.4
CF LUNG CLINICAL PATHOBIOLOGY: 

UNANSWERED QUESTIONS
Pamela B. Davis, M.D., Ph.D.

Department of Pediatrics, Case Western Reserve University School of Medicine, Cleveland OH

A critical issue in the design of CF therapeutics is how the basic defect in CF, which is clearly understood to be the

malfunction of a cAMP-regulated chloride channel in the
apical membrane, translates into the lung disease which
ultimately claims the lives of the patients and which is
characterized by persistent infection with particular bac-
teria such as Staphylococcus aureus and Pseudomonas

aeruginosa and persistent neutrophilic infiltrate. This
problem is central, because if we fail to correct the
aspect of the CF basic defect which leads to these partic-
ular downstream consequences, we may not ultimately
beneÞt the patient. It is already clear that for various con-
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S16.1
REGULATION OF THE MUC2 MUCIN GENE

J. R. Gum, Jr.1,2, J. W. Hicks1,2, A. M. Gillespie2, E. Carlson2, 
L. Komuves2, S. Karnik1,2, J. C. Hong1,2, S. Kuan3, C. Epstein2, and Y. S. Kim1,2. 

VA Medical Center1 & UCSF2, San Francisco, CA, and the University of Chicago3, Chicago, Il, USA

Mucins are the principal structural components of the
mucus gels that coat and protect the delicate epithelia of
the gastrointestinal, reproductive, and respiratory tracts
(1). Mucin genes are expressed only in speciÞc tissues and
cells, their transcription being exquisitely regulated. Inap-
propriate and/or over expression of mucin genes occurs in
several diseases and in cystic Þbrosis the inappropriate
expression of increased quantities of MUC2 may lead to
signiÞcant pathology in both the small intestine and air-
ways. As part of an effort to understand the regulation of
mucin gene expression in normal and diseased tissues, the
5|-ßanking region of the MUC2 gene was isolated (2,3).
DNA segments containing the 5|-ßanking region of MUC2
have been shown to have promoter activity in cultured

cells, and several elements that appear to participate in its
regulation have been identiÞed (3-6). Studies utilizing cul-
tured cells may not accurately model all aspects of MUC2
transcriptional control however, in part because trans-
fectable, differentiated cell lines expressing the high levels
of gene product found in goblet cells in vivo are non-exis-
tent. To circumvent this problem and to gain further
insight into MUC2 gene regulation, we have examined the
expression of a MUC2-human growth hormone (hGH)
promoter-reporter construct in transgenic mice. The trans-
gene was prepared by fusing bases -2864 to +17 of the
human MUC2 5|- ßanking region into the 5Õ-untranslated
region of a human growth hormone (hGH) reporter gene.
Eight transgenic strains were obtained and four were

sequences of the CF defect to be corrected, we need dif-
ferent degrees of correction. For example, the dose of
gene therapy reagent required to correct the increased
epithelial sodium reabsorption is much greater than is
required to correct the chloride transport defect, and the
abnormal sulfation patterns of CF mucins are corrected by
lipid-DNA complexes which barely affect chloride trans-
port in xenografts. Thus, it is crucial to understand the
connection between defective CFTR and CF lung pathobi-
ology for successful treatment of the basic defect. 

The initial vulnerability to infection in CF is still unex-
plained, although several compelling hypotheses have
been advanced in the last few years. One of them, the salt-
sensitivity of nonspeciÞc antibacterial defenses, postulates
that CF patients have increased salt content of their airway
surface ßuid, and suggests that this abnormality gives rise
to abnormal function of nonspeciÞc antibacterial reagents,
such as defensins or lysozyme, in this milieu. A variant of
this hypothesis, which does not require that CF airway
surface ßuid have abnormal salt content, proposes that
some of the nonspecific airway defenses, such as
defensins or NO, are deÞcient in CF. Another hypothesis
is that CFTR itself is the receptor for certain pathogenic
bacteria, including pseudomonas, and failure of CFTR
function leads to failure of binding, ingestion, and killing
of bacteria by sloughing the infected epithelial cell. A
third hypothesis suggests that binding of certain bacteria
to CF epithelial cells is increased, and increased adherence
makes for initiation of infection as well as an overexuber-
ant inßammatory response. Another simple possibility is
that the abnormal quantity of airway surface liquid inter-
feres with normal mucociliary clearance, allowing bacteria
to be trapped in the CF lung. There is evidence for and
against each of these hypotheses, but there seems little
doubt that bacteria are able to establish residence in the

CF lung where they are cleared from the normal lung. 
It also seems quite likely that there is a connection

between abnormal CFTR function and an excessive
inßammatory response in the airways. Clinical studies and
animal models indicate that in the CF lung disease, the
inßammatory response to bacterial infection is excessive;
anti-inßammatory therapy can be administered without
harm, and actually with considerable benefit, to the
patient. In particular, in vitro, excessive release of neu-
trophil chemoattractants occurs from CF cells when they
are stimulated with CF pathogens, and CF mice are more
vulnerable to death from Pseudomonas aeruginosa,
mounting an exuberant inßammatory response compared
to normal littermates even though the bacterial burden is
comparable in the two groups of animals. 

In order to investigate these two pathophysiologic fea-
tures of CF, it will be important to understand in which
specific cells CFTR is expressed, how its dysfunction
leads to various Asecondary@ manifestations of CF (via
changes in Cl- transport, direct interaction with other pro-
teins, other cellular functions of CFTR?), and which of the
primary or secondary manifestations of CF is (are) crucial
for the initiation of infection and the exuberant inßamma-
tory response. 

These two abnormalities, vulnerability to the initial bac-
terial infection and the propensity to respond with exces-
sive inßammation, are the most important aspects of lung
pathobiology to be related to the basic defect. Evidence
currently in hand does not permit us to choose among the
various hypotheses which have been advanced to explain
these phenomena, which need not be mutually exclusive.
This particular aspect of CF lung pathobiology must be
understood to make intelligent choices in design of deÞni-
tive therapeutic agents. 
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found to express reporter. Reporter expression levels were
variable and not strictly dependent upon transgene copy
number. hGH message expression was found to be highest
in the distal small intestine, only one strain expressed
comparable levels of reporter in the colon. This contrasts
with endogenous MUC2 expression, which is expressed at
its highest levels in the colon. All non-MUC2 expressing
tissues examined also failed to express reporter. RNase
protection analysis indicated a similar transcription start
site for the transgene as for endogenous MUC2 message.
Immunohistochemical analysis indicated goblet cell spe-
ciÞc expression of reporter initiating deep in the crypts,
also similar to endogenous MUC2 gene expression.
Immunoelectron microscopic analysis detected hGH
expression only in granular goblet cells in the small intes-
tine. These results indicate that bases -2864 to +17 of the
MUC2 5|-ßanking sequence contain elements sufÞcient
for the appropriate expression of MUC2 in the small intes-
tine while elements located outside this region appear to
be required for colonic expression, implying that a differ-
ent set of regulatory factors effect expression in the two
tissues. The -2864 to +17 region is also sufÞcient for the
goblet cell speciÞc expression of MUC2. Also, the marked
integration site dependence for transgene expression
between pedigrees suggests a possible regulatory signiÞ-
cance for the clustering of secretory mucin genes found at
chromosome 11p15. Thus many, but not all, of the ele-
ments necessary for controlling MUC2 expression appear
to reside in the initial 2864 bases of its 5|-flanking
sequence. Work in progress includes the examination of
mice containing promoter/reporter constructs initiating at
base -8112 and base -343 of the MUC2 5|-flanking
sequence. These additional pedigrees may help identify

speciÞc promoter elements important for MUC2 regula-
tion in individual tissues.
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S16.2
AIRWAY STEM CELLS 

John F. Engelhardt
Department of Anatomy and Cell Biology, University of Iowa Medical Center, Iowa City, Iowa 52242

The conducting airways of the adult human lung can be
grossly divided into tracheal/bronchial and bronchiolar
epithelia. The proximal airways, which include the trachea
and bronchi, are generally thought to be composed of Þve
major cell types including: basal, intermediate, goblet,
non-ciliated columnar, and ciliated cells. In contrast, the
bronchioles are predominantly composed of Clara and cil-
iated cells. The theoretical considerations of a stem cell
compartment in the conducting airways of the adult lung
has long eluded concrete scientiÞc conÞrmation. It is gen-
erally accepted that both secretory and basal cells have the
capacity to divide within the proximal surface airway
epithelium. In contrast ciliated cells are thought to be ter-
minally differentiated and non-dividing . Several
approaches have been used to identify pluripotent progeni-
tor cells in the tracheas of rats including radiolabeling with
3H-thymidine and cell puriÞcation strategies followed by
reconstitution in denuded tracheal grafts. In addition, a

third approach utilizing recombinant retroviruses to genet-
ically track lineage fates has also been used in rat and
human bronchial xenografts . However, the pluripotent
capacity of basal and secretory cells remains subject to
general debate.

In the bronchiolar airways, Clara cells are generally
considered to be the regenerating compartment which give
rise to non-dividing ciliated cells . However, studies which
have demonstrated heterogeneity in the gene expression
patterns of Clara cells, suggest that this population may in
turn be composed of more than one phenotype . It is cur-
rently less clear whether basal cells or secretory cells are
the stem cell compartment in the proximal conducting air-
ways of the lung. The concept of a discrete self-renewing
compartment of stem cells in the proximal airway is based
on other well deÞned systems such as blood, intestine, and
epidermis. In continuously renewing epithelial tissues
such as the intestine, a subcompartment of cells are
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thought to contain undifferentiated stem cells capable of
indefinite self-renewal and maintenance of transiently
amplifying cells which ultimately give rise to differentiat-
ed cell populations . Similar hypotheses have been pro-
posed for the airway . Using retroviral lineage marking,
studies in human bronchial xenografts suggests that a sub-
population of basal cells may represent airway stem cells
which are capable of giving rise to diverse subcompart-
ments of progenitor cells in the airway with deÞned capac-
ity for differentiation. In accordance with the theoretical
considerations of stem cell biology, this basal cell type
appears to have a large capacity for pluripotent regenera-
tion and is in low abundance in the airway . In contrast to
hypotheses of programmed cellular differentiation, others
have proposed more plastic models of self-renewing air-
way epithelia where both basal and goblet cells have the
capacity for pluripotent differentiation . However, given
the diversity of epithelial cell types composing the con-
ducting airways between different species, caution should
be used when comparing results between different model
systems.

The ability to conclusively identify a stem cell compart-
ment in the airway has been hindered by the lack of identi-
Þable marker genes for this population of cells. With an
interest in characterizing progenitor cells which give rise
to submucosal glands in the airway, our laboratory has
recently identiÞed a HMG-transcription factor called Lef1
which is expressed in a subset of surface airway epithelial
cells just prior to gland bud formation in the ferret trachea
. Functional studies in Lef1 deÞcient mice and human
bronchial xenografts have demonstrated that expression of
this transcription factor is necessary but not sufÞcient for
gland development in the airway. Based on retroviral
marking studies, this population of gland progenitor cells
appears to have pluripotent capacity for both surface air-
way epithelial and submucosal gland differentiation as
well as a high capacity for regeneration . Hence, this com-
partment of gland progenitor cells may represent a poten-
tial stem cell compartment in the airway. Current efforts
are focused on identifying what genes may control the
transcriptional switch of Lef1 gene expression and hence
progenitor cell commitment in the formation of submu-
cosal glands. 

The identiÞcation of airway stem cells is highly relevant
to the development of effective gene targeting strategies to
the lung in cystic Þbrosis. The use of integrating vectors to
target airway stem cells capable of reconstituting both the
surface airway epithelium and submucosal gland regions
in the lung will lead to more persistent transgene expres-
sion and prolonged correction of disease pathology. Addi-
tionally, an increased knowledge of progenitor/stem cell
differentiation in the airway will also enhance our under-
standing of mechanisms responsible for goblet cell meta-
plasia/hyperplasia and submucosal gland
hypertrophy/hyperplasia associated with the hypersecreto-
ry condition seen in the lungs of cystic Þbrosis patients.
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S16.3
HUMAN AIRWAY EPITHELIAL TIGHT JUNCTIONS

RWA Godfrey and PK Jeffery
Lung Pathology Unit, Imperial College School of Medicine at the Royal Brompton Hospital, London SW3 6NP, UK

Airway epithelial tight junctions form a selectively
permeable barrier to the ßux of ßuid, ions, macromole-
cules and inßammatory cells across the epithelium by
regulating movement through the paracellular pathway
(the fluid-filled spaces between cells)1-3. The barrier
characteristics of the tight junctions are thought to be
determined by a transmembrane component that extends
from the membrane bilayer of one cell into the paracellu-
lar channel to form contact with a similar structure from
the adjacent cell thus limiting movement through the
paracellular pathway. A 65kD membrane protein,
occludin, is reported to be a principal component of this
transmembrane structure4. A number of proteins found in
the cell cytoplasm have been shown to be associated
with the tight junction, in particular Z0-1, Z0-2, Z0-3,
cingulin, p130, symplekin, ZA-1TJ and the 7H6 anti-
gen5,6. At present exactly how these transmembrane and
cytoplasmic components regulate and modify paracellu-
lar permeability is unclear5. 

In human airways, the majority of data on the ultra-
structure of tight junctions has been gained by applying
freeze-fracture electron microscopy, a specialised tech-
nique which splits membranes along their hydrophobic
core enabling the internal architecture to be viewed en
face. Applying this technique, the tight junctional belt
appears as a interconnecting network of strands and
grooves. The number of strands comprising this belt is
hypothesised to correlate with the permeability charac-
teristics of the junction7. To date only three groups of
workers have published data on tight junction morpholo-
gy in normal human airways8-10. The largest quantitative
study was undertaken by Godfrey et al (1992) who stud-
ied tight junction morphology in main (airway level I)
and lobar bronchi (airway level II), where, on average,
the junctional belt was found to be 0.5mm deep and to be
comprised of 11 strands with 1.4 interconnections per
mm strand length. Limited functional data has been pub-
lished, reßecting the difÞculty in gaining such measure-
ments in situ. The most effective way to obtain such
information is to measure the transepithelial resistance
generated by the epithelium (TER). The results are
lumen negative11,12 and the high proximal negative val-
ues have been demonstrated to became progressively
less negative peripherally12.

In the airways of patients with cystic Þbrosis abnor-
malities in tight junction morphology have been consis-
tently reported. A basal extension of the junctional ele-
ments comprising the junctional belt and the presence of
isolated junctional elements distant from the apico-later-
al belt have been described13-15. Godfrey et al (1993)
reported similar changes in control human postmortem

tissue (ie from patients dying of non-respiratory causes),
however the abnormalities found in cystic Þbrosis were
found to occur before postmortem degradation, (ie in tis-
sue removed at transplantation) confirming a disease-
related abnormality. These abnormalities in tight junc-
tion structure are likely to be secondary changes linked
to the chronic infection and inßammation found in the
airways of patients with cystic fibrosis and not due
directly to the gene defect. The proliferation of junction-
al elements found in cystic Þbrosis may reduce the pas-
sage of water and ions through the paracellular pathway
and so confound the problem of the lack of hydration of
the airway secretions characteristic to cystic Þbrosis15. 
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only represents a mechanical barrier to the environmental
agressions (bacteria, viruses, oxidantsÉ) ; the diverse
cells lining the airways are also able to respond to injury
by producing a variety of defense factors that operate to
protect the respiratory tract. Moreover, airway epithelial
cells can rapidly shift their phenotype in order to adapt to
changes in the local environment or to repair the injured
airway epithelium. The barrrier function is maintained at
the apex of the airway epithelial cells by junctional com-
plexes including ZO1 (Zona occludens) tight junctional
proteins which closely interact with actin microÞlaments.
The disruption of actin Þlaments by cytochalasin B or D
results in the opening of tight junctions, decreased transep-
ithelial resistance and increased epithelial permeability
(1). Other junctional complexes, like desmosomes and gap
junctions, situated at the interface between basal cells and
colummar cells, also play a critical role in the maintenance
of the airway epithelium integrity. After ATP depletion,
which occurs following oxidative stress or ischemia dur-
ing lung transplantation, loss of airway epithelium integri-
ty is associated with the disappearance of junctional com-
plexes in particular, desmosomes and gap junctions.
Moreover, depolymerization of F-actin Þlaments by ATP
depletion is accompanied by a loss of epithelial cell polari-
ty and inhibition of CFTR apical distribution (2). We also
observed that c-AMP dependent Cl- secretion and intracel-
lular diffusion capacity of a low molecular weight dif-
fusible ßuorescent dye through gap junctions were com-
pletely inhibited following ATP depletion. Repair of the
wounded airway epithelium involves several major mech-
anisms including spreading and migration of the cells at
the margin of the wound as well as proliferation of the
cells located behind the wound. Airway epithelial cells
have the capacity by themselves, without the contribution
of any other non epithelial cells, to migrate at a speed
ranging between 10 and 30 mm/h and to re-establish a bar-
rier junction within 48-72 hours according to the size of
the wound. Different molecules are directly involved in
the airway epithelium repair (3) : Þbronectin, a 5 b1 inte-
grin, matrix metalloproteinases of epithelial origin (gelati-

nase B and stromelysin 3). Cell spreading and migration
induce an apical redistribution of Þbronectin and its cellu-
lar receptor, the a5b1 integrins, which have been shown
to represent speciÞc sites of Pseudomonas adherence (4).
Virulence factors associated with bacterial binding to
these dedifferentiated spreading and migrating cells, may
impair epithelium wound repair. In CF, Pseudomonas
aeruginosa (Ps.a) plays a major role on the airway mucos-
al damage. Ps.a produces a number of virulence factors,
which have been demonstrated, in airway cell cultures and
in animal models or even in human airway epithelium,
capable of increasing the airway mucosal permeability (5).
Changes in ionic environment of the airway surface ßuid
due to CFTR defect are also capable of inducing an upreg-
ulation of Ps.a virulence factors and increased IL-8 con-
tent in ASL (6), leading to an efßux of inßammatory cells.
Virulence factors produced by Ps.a such as elastase and
exotoxin A diminish the epithelial barrier function by
damaging, or inhibiting the synthesis of associated pro-
teins. Such virulence factors open the junctions sufÞcient-
ly to allow bacteria to cross the epithelial barrier and may
render cells unable to repair damaged tight junctions. We
have recently investigated the in vitro effect of virulence
factors secreted by Ps.a (PAO1 strain) on airway epitheli-
um wound repair. Incubation of wounded cell cultures
with PAO1 bacteria-free culture supernatant signiÞcantly
decreased the wound repair speed and the proliferation
rate of the cells engaged in the repair process. The delay in
the wound repair was associated with an alteration of the
epithelial integrity which was not restored 24 hours after
the wound closure in contrast to control experiments. Dur-
ing the wound repair process, activated forms of matrix
metalloproteinases (MMP 2: 72kDa gelatinase and of
MMP9 : 92 kDa gelatinase) increased, in a dose-depen-
dent manner, in presence of the PAO1 virulence factors. 

Nevertheless, the in vitro analysis of epithelium wound
repair does not get an insight into the in vivo barrier
defense capacity of the airway epithelium, particularly in
CF. Recent studies using the in vivo model of well-differ-

S16.4
DYNAMICS OF AIRWAY EPITHELIUM WOUND REPAIR
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entiated human fetal tracheal xenografts in the SCID
mouse (7) suggest that, prior to infection, the leukocyte
burden is increased in both the intra-and sub-epithelial
compartments of CF airways as compared to non-CF.
Concomitantly, we observed an up to 8-fold increase in
the IL-8 content of the airway luminal liquid collected in
CF vs non-CF xenografts. Following Ps.a infection, CF
xenografts showed a rapid and major exfoliation of apical
cells, which was associated with the intraepithelial inÞltra-
tion of leucocytes of both human and murine origins. This
marked alteration of the epithelial integrity allowed Ps.a to
gain access to critical adherence sites, at the level of basal
cells and the basal lamina. These results and others are
thus in favour of an increased wounding process of CF
airway epithelium after Ps.a infection, due at least in part
to a native inßammatory disorder. The increased suscepti-
bility of the respiratory epithelium to colonization by Ps.a
and the greater severity of infection have also recently
been reported (8).

All these studies underline the higher susceptibility of
CF airway epithelium to bacterial infection. Moreover,
dynamics of airway epithelium wound repair appear to be
severely disturbed after Pseudomonas infection. It can be
hypothesized that in CF, impairment of epithelial integrity
will favour the adherence of bacteria to receptors exposed
on the baso-lateral membranes of epithelial cells and part-
ly explains the adherence of Ps.a to the repairing airway
epithelium. The development of motogenic molecules
able to accelerate or stimulate wound repair such as epi-
dermal growth factor (9), represents future therapeutic
strategies designed to restore the integrity of the wounded
airway epithelium in CF.
Supported by A.F.L.M.
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CPX: ACTIVATION OF CFTR CHANNELS AND REPAIR 

OF DF508-CFTR TRAFFICKING DEFECT 
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Institute for Molecular Medicine & Department of Anatomy and Cell Biology, 
USU School of Medicine, USUHS, Bethesda, MD. 20814

Cystic Fibrosis (CF) is the most common, fatal autoso-
mal recessive disease affecting the U.S. population. The
disease is due to mutations in the CFTR gene which inter-
fere with cAMP-activated CFTR chloride channel activity
in epithelial cells of lung, pancreas, intestine, and other
affected tissues. The mutation responsible for more than
70% of CF cases in the caucasian population is DF508.
CFTR molecules bearing this mutation appear to trafÞck
poorly through the endoplasmic reticulum (ER) and are
proteosomically destroyed before reaching their native

destination in the apical plasma membrane. However,
DF508-CFTR does have chloride channel activity, and a
few mutant DF508-CFTR molecules can apparently
escape the ER and reach the membrane where they can be
activated to some extent either by endogenous signals or
by drugs such as the xanthine CPX.

CPX was initially discovered as a compound capable of
activating chloride efßux from a variety of cells express-
ing DF508-CFTR (Eidelman, et al, 1992; Schweibert, et
al, 1993; Guay-Broder et al, 1995; Jacobson et al, 1995;
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Haws, et al, 1996). More recently we found that CPX can
bind directly to the NBF-1 domain of CFTR (Cohen et al,
1997). The latter experiments were performed directly
with recombinant NBF-1, and it was noted that
DF508NBF-1 could bind CPX with higher afÞnity than
could wildtype NBF-1. We have interpreted these data to
indicate that the mechanism of action of CPX could
involve direct interaction of CPX with the mutant protein
in the region of the DF508 mutation. Consistent with this
interpretation is the fact that CPX can directly activate
CFTR channels in planar lipid bilayers (Arispe et al, 1998;
Ped. Pulm., 1998). 

In addition to activating CFTR channels directly, CPX
is apparently able to correct the trafficking defect of
DF508-CFTR in cultured cells. We noted previously that
CPX could increase the occurrence and intensity of higher
molecular weight immunoreactive DF508CFTR in West-
ern blot analysis of L-cells expressing the mutant gene.
More recently we have extended these studies to include
immunocytochemistry of these cells using confocal
microscopy to image the data. Relatively low concentra-
tions of CPX induce a dramatic increase in perinuclear
immunoreactivity in cells expressing the DF508 mutation.
A more radially distributed signal can also be frequently
observed. Images of effects on L cells expressing mutant
CFTR appear similar to images of L-cells bearing the
wildtype CFTR, qualitatively and quantitatively. We have
interpreted these data to indicate that the mechanism of
CPX action in correcting the CF phenotype involves direct
interaction of CPX with CFTR, with consequences for
enhanced trafÞcking efÞciency and activation of those
mutant channels that do now manage to reach the plasma
membrane. 

CPX is a compound which has quite low toxicity to
cells and organisms, and the concentrations of the drug
needed to achieve enhancing effects on both channel
activity and trafÞcking are quite low. For that reason,
CPX, or a drug with CPX-like properties, might be attrac-
tive as candidates for CF therapy in patients. In the case of
CPX, Phase I trials have concluded successfully, and
Phase II trials are now in the planning stage. 
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S17.2
PHENYLBUTYRATE THERAPY FOR CYSTIC FIBROSIS: 
BASIC MECHANISMS AND CLINICAL APPLICATIONS

Pamela L. Zeitlin*, Ronald C. Rubenstein#, Michael P. Boyle* and Shijian Chu.*
*The Johns Hopkins University School of Medicine, Baltimore, MD and 

#The ChildrenÕs Hospital of Pennsylvania, Philadelphia, PA

The most common CF mutation, DF508, encodes a
cAMP-activated chloride channel which becomes mis-
processed and retained in the endoplasmic reticulum of
the epithelial cell.1,2,3 The mutant protein is still functional
when induced in the oocyte expression system,4 a planar
lipid bilayer,3 or in high level expression systems that

allow a small fraction to reach the cell surface.5 Growth of
CF epithelial cells at reduced temperature6,7 or exposure to
chemical chaperone compounds8,9 can also overcome the
trafÞcking defect in vitro. We are studying a new class of
chemical agents that repair the DF508 trafÞcking defect
through a pharmacologic strategy. Our goal is the restora-
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tion of normal chloride conductance using a transcription-
al regulator to correct the biosynthetic trafÞcking defect
associated with DF508 expression and enhance the mutant
protein chloride transport.

The new drug Buphenyl (4-phenylbutyrate or 4-PBA) is
currently approved for the inherited urea cycle disorders
where it functions to scavenge excess ammonia. Buphenyl
is in Phase 2 trials for the inherited hemoglobinopathies
(sickle cell disease10,11 and thalassemias12,13) and Phase I
trials in cancer.13,14 4-PBA may act as either the prodrug
for phenylacetate or as an independent chemotherapeutic
agent with effects distinct from phenylacetate.15 Ammonia
generated in the urea cycle disorders is scavenged by con-
jugation of phenylacetate (generated during beta oxidation
of 4-PBA) with glutamine and excreted as phenylacetyl-
glutamine (PAG).16 Ninety percent of administered 4-
PBA is excreted as PAG in the urine. There is little toxici-
ty17 beyond a slightly bitter taste, mild stomach discomfort
or mild peripheral edema if severely anemic. 

Remarkably, 4-PBA has a second potent ability to regu-
late gene and/or protein expression in a number of physio-
logic processes. Although it is now established that 4-PBA
administration increases fetal hemoglobin levels, the mech-
anism is incompletely understood. 10,11,18 Fetal hemoglobin
levels and percent F cells increase, and it is thought that
transcriptional upregulation of gglobin may be explained
by the observation that butyrate promotes regulation of
gene expression via inhibition of histone deacetylase.19,20

Inhibition of histone deacetylation by the butyrates is asso-
ciated with tumor cell differentiation and is the rationale
for the use of phenylbutyrate as an adjunct chemotherapeu-
tic agent. In general, the butyrate class of chemical agents
may be thought of as a new kind of Ògene drugÓ that acts
by transcriptional regulation. Transcriptional regulators can
be harnessed to up or down-regulate redundant gene path-
ways that normally are relatively quiescent.

We chose to study the butyrate analog, 4-PBA, as a
potential upregulator of DF508 expression. 4-PBA pro-
motes functional correction of cAMP-mediated chloride
transport in CF airway epithelial cells21 and increases
chloride transport in nasal potential difference measure-
ments of homozygous DF508 patients taking the drug for
1 week.22 These early studies have identiÞed at least two
potential mechanisms of action. The Þrst involves the
endoplasmic reticulum quality control pathway for
removal of misfolded or mutant proteins. Evidence for this
mechanism is derived from ongoing studies with immor-
talized or primary CF cells in culture which suggest that
the Hsc70 chaperone protein is selectively down-regulated
by 4-PBA treatment in a time- and dose-dependent rela-
tionship.

The 70 kD heat shock protein family consists of Hsp70
(sometimes called Hsp72) which is inducible by heat
shock and/or the presence of denatured intracellular pro-
teins23 and Hsc70 (sometimes called Hsp73), the 70 kD
heat shock cognate protein which is constitutively
expressed and is involved in the uncoating of clathrin-

coated endosomes.23 Hsc70 also has a role in the lysoso-
mal degradation of intracellular proteins,23,24 and was
recently shown to be required for the ubiquitin-dependent
degradation of a number of cellular proteins.24 Since the
rapid intracellular degradation of DF508 can be disrupted
by the addition of ATP,25 which is known to regulate the
association of proteins with Hsc70, we asked whether
Hsc70 was affected by the butyrates.

IB3-1 cells were incubated with increasing concentra-
tions of 4-PBA in culture for 2 days. Total Hsc70
immunoreactivity in whole cell lysates declined with
increasing concentrations of 4-PBA as detected by an
Hsc70-specific rabbit polyclonal antisera (gift of W
Welch) or with an Hsc70-speciÞc monoclonal antibody
(gift of A. Laszlo). These data are consistent with a dose-
dependent reduction of Hsc70. Similar immunoblots were
prepared using antisera speciÞc for Hsp90 (a molecular
chaperone that is required for correct folding and function
of a number of cellular proteins 23), Hsp70 (the inducible
heat shock protein), and Hsp40 (a protein which regulates
Hsp70 interactions with unfolded peptides). None of the
other 3 chaperones were regulated by 4-PBA. We have
recently confirmed that 4-PBA also down regulates
Hsc70, but not Hsp70 in primary CF cells. Immunoprecip-
itation of Hsc70 with polyclonal antisera co-immunopre-
cipitates CFTR. At 4-PBA concentrations less than 1 mM
for 48 hrs, there was a dose-dependent reduction in
immunoprecipitable Hsc70/CFTR complexes. Between 1
and 5 mM, Hsc70 and CFTR were both undetectable.
These observations are consistent with disruption of the
Hsc70/CFTR complex through a diminution in Hsc70
protein, and a coincident escape by CFTR of the ER quali-
ty control mechanism. These concentrations of 4-PBA
correlate with enhanced production of band C CFTR in
our previous experiments; the highly glycosylated band C
CFTR is a marker for the CFTR that has traversed the ER
and through the Golgi apparatus.

A second mechanism of action may also be important.
4-PBA and the butyrates inhibit histone deacetylation,
thereby uncovering repressed genes and promoting gene
expression.19 Alternative chloride channel genes are
potential targets of the butyrates and can be screened in
vitro for butyrate sensitivity. Our laboratory has been
examining the pH- and voltage-sensitive ClC-2 chloride
channel gene which is highly expressed in mammalian
fetal lung during the period of fetal lung chloride and ßuid
secretion, and which becomes repressed immediately at
birth. Using a series of promoter-luciferase constructs, we
observed a three-fold stimulation by 4-PBA of reporter
gene expression driven by the full length ClC-2 promoter.
Over-expression of ClC-2 cDNA in CF epithelial cell
lines by a transient transfection methodology comple-
ments the CFTR chloride transport defect in vitro.26 Over-
coming perinatal down- regulation of alternative chloride
channel genes may provide an additional strategy to
restore the normal ionic milieu to the airways.

Finally, our CF research center is conducting a random-
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ized, double-blind Phase I trial of 4-PBA in 24 homozy-
gous DF508 patients at three dose levels. The objectives
are to establish the safety of 20 gm, 30 gm, and 40 gm
divided t.i.d, the pharmacokinetics of absorption, metabo-
lism, and excretion in CF patients, and the dose- and time-
dependent characteristics of nasal epithelial chloride trans-
port as measured by the nasal potential difference
technique. At the time that this summary was submitted,
the 20 gm dose cohort was completed and patient enroll-
ment for the 30 gm cohort was in progress.
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S17.3
PHARMACOLOGICAL MODULATION 
OF WILD-TYPE AND MUTANT CFTR 
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CFTR is activated by protein kinase A (PKA)-depen-
dent phosphorylation and gated by ATP binding/hydrol-
ysis. Both phosphorylation/dephosphorylation and ATP-
dependent gating affect CFTR activity in an intact cell.
By using whole-cell, cell-attached, and excised inside-
out modes of the patch-clamp technique, we investigate
regulation and gating of wild-type (wt) and DF508-
CFTR expressed in NIH3T3 cells and examine the
effects of genistein, IBMX, and NS004 on CFTR activa-
tion. 

In cell-attached patches under a maximal cAMP stim-
ulation (i.e., 10 µM forskolin), the open probability (Po)
of DF508-CFTR is ~10% of wt-CFTR. But the behavior
of wt-CFTR under a submaximal cAMP stimulation
(e.g., 50 nM forskolin) mimics that of DF508 channels.
However, in the presence of genistein and forskolin, the
PoÕs of wt- and DF508-CFTR are very similar. In
excised inside-out patches, addition of PKA and ATP
activates macroscopic wt- and DF508-CFTR currents
with different rates. The activation of DF508-CFTR is
slower than that of wt channels by at least one order of
magnitude. However, when DF508-CFTR is fully acti-
vated with PKA and ATP, the Po of DF508-CFTR is
close to that of wt-CFTR, suggesting little differences in
the ATP-dependent gating for wt- and DF508-CFTR.
Application of genistein together with PKA and ATP
dramatically increases the rate of activation for DF508-
CFTR. These results suggest that DF508-CFTR is defec-
tive in PKA-dependent phosphorylation activation and
that genistein rectiÞes this functional abnormality with
the DF508 mutation.

Using the whole-cell patch-clamp technique, we
determine the dose-response relationships of genistein
and NS004 on wt-CFTR. Macroscopic CFTR current is
Þrst elicited by application of 10 µM forskolin. Different
concentrations of genistein or NS004 are subsequently
added. The concentration-dependent effect of genistein
shows a biphasic response: the potentiation effect of
genistein reaches a peak at 20 - 30 µM with a K1/2 of ~ 5
µM; CFTR current decreases as the concentration of

genistein is further increased above 50 µM. These results
suggest two binding sites for genistein, one stimulatory
and the other inhibitory. Surprisingly, effects of NS004
can be observed even at a femtomolar (10-15 M) range. A
complete dose-response relationship shows a K1/2 of ~
50 fM and a saturating effect at ~100 pM. This effect of
femtomolar NS004 is further conÞrmed in cell-attached
patches where femtomolar NS004 increases wt-CFTR
current activated with 10 µM forskolin. Experiments
testing the effect of NS004 on DF508-CFTR is currently
in progress.

Effects of IBMX are examined with the cell-attached
patch clamp technique. Micromolar IBMX increases wt-
CFTR current only in the presence of submaximally
effective concentrations of forskolin (e.g., 100 nM). In
the presence of 10 µM forskolin, neither CPT-cAMP
(200 µM), a membrane permeant cAMP analog, nor
IBMX (200 µM) increases CFTR current. However, mil-
limolar IBMX enhances CFTR current activated by 10
µM forskolin. This effect of millimolar IBMX is accom-
panied with a decrease of the single channel amplitude.
At 5 mM IBMX, the effect of IBMX on the Po of wt-
CFTR approximates that of 20 µM genistein. These
results suggest that multiple mechanisms are involved in
IBMX modulation of CFTR activity and that effects of
millimolar IBMX may not involve an increase in cellular
cAMP concentrations. 

Genistein, NS004, and IBMX seem to activate CFTR
through a common mechanism since once CFTR is max-
imally activated by either compound, other reagents can-
not further increase CFTR activity and CFTR channel
kinetics are very similar in the presence of either com-
pound. However, their effective concentrations differ by
several order of magnitude. The simplest interpretation
of our data is that these reagents act at the same binding
site with different afÞnities. Understanding the structure-
activity relationship of these chemicals could provide
information for future development of therapeutic
reagents. 
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AMINOGLYCOSIDE REPAIR OF  PREMATURE 
TRANSLATION TERMINATION MUTATIONS
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Low concentrations of aminoglycoside antibiotics
have been shown to cause translational misreading in
bacteria, which can result in the suppression of prema-
ture stop mutations (1). However, this approach has not
previously been examined as a means of treating dis-
eases caused by premature stop mutations in humans.
Mutations in the cystic Þbrosis transmembrane conduc-
tance regulator (CFTR) gene cause the common genetic
disease cystic Þbrosis (CF). Premature stop mutations in
the CFTR gene represent approximately 5% of all CF
mutations and may occur in 10% of all CF patients. Fur-
thermore, premature stop mutations in the CFTR gene
are found at a much higher incidence (60% of all mutant
alleles) in the Ashkenazi jewish population (2). In this
study, we asked whether aminoglycoside antibiotics can
suppress premature stop mutations in the CFTR gene. 

We found that low concentrations of the aminoglyco-
side antibiotics G-418 and gentamicin in the culture
medium can suppress premature stop mutations in a
human CFTR cDNA, resulting in the synthesis of full
length, functional CFTR when expressed in HeLa cells
(3). We also found that these compounds can suppress a
genomic CFTR nonsense mutation in IB3-1 cells, a
bronchial epithelial cell line derived from a CF patient
(4). Our results indicate that G-418 and gentamicin
restore cAMP-activated chloride currents, CFTR protein
at the apical cell surface, and the abundance of the CFTR
nonsense mRNA in IB3-1 cells. Experiments using a
mammalian cell free translation system indicate that sev-
eral different aminoglycosides can suppress stop codons
with differing efÞciencies, and suppression of translation
termination occurs in a codon and context-speciÞc man-
ner. Interestingly, our results indicate that each of the
four most common premature stop mutations found in

CF patients are susceptible to suppression by aminogly-
cosides. A clinical trial is currently testing the ability of
gentamicin to restore CFTR function in CF patients car-
rying CFTR premature stop mutations. 

When taken together, our results suggest that amino-
glycosides can overcome many premature stop muta-
tions in human cells, resulting in the restoration of a low
but signiÞcant level of CFTR protein function. We con-
clude that aminoglycoside-mediated suppression of pre-
mature stop mutations may represent a viable approach
to treating genetic diseases such as cystic fibrosis in
patients carrying these mutations. 
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PHOSPHODIESTERASE INHIBITOR-STIMULATED CHLORIDE 

SECRETION FROM GUT AND RESPIRATORY EPITHELIA
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Cystic fibrosis is caused by mutations in the gene
encoding the cystic Þbrosis transmembrane conductance
regulator, CFTR, a cyclic-AMP regulated chloride chan-
nel, and accordingly a hallmark of the disease is altered
ion permeability of various epithelia. It is still not clear
how dysregulation of ion transport contributes to the

pathophysiology of the disease, but a reasonable hypoth-
esis is that correcting a primary defect in the disease,
such as chloride permeability, may have clinical impact
on the disease. To test this hypothesis, we have focused
on the protein kinase A (PKA) pathway in the airways
and intestines with the goal of identifying potent and
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somewhat speciÞc compounds for activation of CFTR
chloride channels. We have found that inhibition of spe-
cific classes of cyclic nucleotide phosphodiesterase
(PDE) is an effective way to activate CFTR, not only in
vitro in cultured cells and in mouse intestines, but also in
vivo in mouse nasal epithelium. To assess the relative
potencies of phosphodiesterase inhibitors in airway
epithelium, we have monitored the change in nasal
potential difference in CF mice exposed to various
inhibitors. Mice homozygous for a null mutation (S489X
or Y122X) were used as negative controls, and com-
pared to mice homozygous or heterozygous for wild type
CFTR, homozygous for DF508 or homozygous for a rel-
atively mild allele, R117H/neo. The assays revealed that
inhibitors of class III phosphodiesterases, such as milri-
none and amrinone, are most effective at hyperpolarizing
the amiloride-insensitive component of the mouse nasal
potential difference. The null genotypes showed no
hyperpolarization, while the DF508 and R117H/neo mice
were indistinguishable from each other, hyperpolarizing
~6 mV at 2 minutes after application of drugs. In con-
trast, wild type mice hyperpolarize >15 mV simply by
imposing a chloride gradient to the nasal epithelium
(lumenal low chloride). 

The same concept has been applied to humans with
CF, in which nasal PDs were recorded before and during
exposure to 100mM milrinone. A cohort of 13 CF
patients were analyzed by nasal PD, in which a baseline
PD in physiologic saline was established, then amiloride
was added until a steady state was reached, and then
amiloride in a chloride-free solution was used to obtain a
steady-state reading. A Þnal solution containing either 10
mM isoproterenol or 10 mM isoproterenol + 100 mM mil-
rinone was perfused onto the epithelium and the change
in PD recorded. No statistically signiÞcant differences
were seen between PD changes stimulated by isopro-
terenol or isoproterenol + milrinone, or between PDs
before and after isoproterenol + milrinone. Preliminary
experiments in which the dose of milrinone is increased
to 1 mM show a suggestion of small (1-3 mV) changes
not observed at 100 mM.

Because mortality in the CF mouse is due to intestinal

obstruction in the area of the distal ileum and cecum, the
small intestine is a potentially useful site in which to test
the concept of pharmacotherapies for CF. To identify
candidate compounds for the mouse effective for the
intestinal tract, short circuit currents across jejunum have
been recorded in response to application of the various
phosphodiesterase inhibitors. The rank order of effect is
class III > class I > class V ³ class IV. Combinations of
the various compounds shows that class III and class I
act additively and possibly synergystically, unlike other
combinations. The response of jejunum from the various
genotypes to class III or class III and class I inhibitors
shows a slightly different proÞle than the nasal potential
differences. When exposed to 100 mM milrinone alone,
the null genotypes and DF508 mice show no response,
but the R117H/neo mice show a modest increase of ~3
mA/cm2. When the combination of milrinone and 8-
methoxymethyl-3-isobutyl-1-methylxanthine (class I
phosphodiesterase inhibitor) is used, the null genotypes
again do not respond, but the DF508 mice show an
increase of ~2.5 mA/cm2 and the R117H/neo mice
increase by ~6 mA/cm2. The R117H/neo mice survive
the pre-weaning stage of life better than the null or
DF508 animals. The small difference between the
R117H/neo animals and the DF508 or null mice may
account for the difference in survival. As the goal of
these studies is to determine if manipulations of CFTR
activity can increase the longevity of humans afßicted
with CF, CF mice are being exposed to these compounds
systemically to assess the effects on survival as well as
transepithelial short circuit currents across intestines.
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S18.1
INHALED CORTICOSTEROIDS IN CYSTIC FIBROSISÑ

IN FAVOUR OF THEIR USE
Ian M Balfour-Lynn

Department of Paediatric Respiratory Medicine, Royal Brompton & HareÞeld  NHS Trust, 
London SW3 6NP, United Kingdom. [E-mail: i.balfourlynn@ic.ac.uk]

Is it a good idea in principle?
It is well established that inßammation has an impor-

tant role in CF lung disease. This inßammation is often
present early in infancy and is a persistent feature,
regardless of the clinical state of the patient.1,2 Although
probably secondary to chronic bacterial and viral infec-

tions, the lung inßammation may even be an inherent
part of CF. A degree of lung inßammation is a beneÞcial
part of the host defence system, but the exaggerated
response seen in CF contributes to the morbidity and
ultimately the mortality associated with the disease.
There has been interest in anti-inßammatory strategies
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for CF that initially focussed on oral corticosteroids.
Long term systemic corticosteroids have been shown to
have some efficacy but at quite a price in terms of
adverse effects (recently reviewed 3). Logically, inhaled
corticosteroids would then be the drug of choice as they
are delivered to the site of inßammation and long term
side effects are less problematic. 

Are they safe?
Inhaled corticosteroids have been used to treat asthma

for over thirty years in many thousands of children. They
have an excellent safety record, especially at standard
doses, which is enhanced further by administering them
through a spacer device to reduce mouth deposition.4,5

Although high doses can affect short-term growth, Þnal
adult height is unaffected by even 7-11 years of continuous
inhaled corticosteroids.6 The issue of developing cataracts
is not fully resolved in children although is a concern in
adults; regular ophthalmoscopic examination of all patients
on high dose inhaled corticosteroids is advised.7 A recent
abstract has been published in which a trial of 500 mcg/day
ßuticasone propionate was halted early due to concerns
over an increased incidence of Pseudomonas aeruginosa
acquisition in the treatment group.8 Although caution is
certainly warranted, further evidence is required to deter-
mine whether this is a genuine Þnding.

Have they been shown to work in CF?
To date, there have been 5 published studies on the use

of inhaled corticosteroids in CF (table).9-13 Although
some have been encouraging, they have failed to provide
convincing evidence of significant benefit using out-
comes such as lung function, inßammatory markers or
symptomatology. There have also been 3 abstracts
reported but not yet published;14-16 none showed
improved lung function but there were decreased inßam-
matory markers in sputum 14 and bronchoalveolar lavage
ßuid 16 in two studies. A Cochrane review of corticos-
teroid use in CF is currently being undertaken in the UK.

BDP - beclomethasone dipropionate, BUD Ð budes-
onide, FP - ßuticasone propionate

BHR - bronchial hyperreactivity, TGV - thoracic gas
volume, FEV1 Ð forced expiratory volume in 1 second

Why has beneÞt not yet been proven conclusively?

Rather than supposing inhaled corticosteroids simply
do not have any beneÞcial effect in CF, the likeliest rea-
son for lack of proof of their efÞcacy lies in the trials car-
ried out so far. Problems include small subject numbers,
short treatment periods, and inadequate drug dosages.
There are also difÞculties with outcome measures, espe-
cially of inßammatory markers.12 The main problem to
overcome, however, is that the drug has to penetrate
thick viscid mucus so the method of delivery is impor-
tant.

What are we doing in practice?
In the UK,17 approximately 40% of children with CF

are prescribed inhaled corticosteroids which compares
with 11% in United States,18 10% in France and 12% in
Germany.19 From our UK survey, the commonest indica-
tion for their use was to control symptoms of wheezing,
but almost two-thirds of centres also prescribed them to
combat excessive lung inßammation.17

What should be done next? 
The case for using inhaled corticosteroids in CF still

needs to be conclusively proven with large trials. We
have recently started a multicentre trial in the UK and
Ireland but are having difÞculties with recruitment as so
many potentially eligible children are already on inhaled
corticosteroids. A trial has also started in Belgium and
Holland using the same high dose (1000 mcg ßuticasone
propionate per day). Whilst in the UK it may already be
too late to successfully complete such a trial, hopefully
work in other European centres or the USA will provide
the answer.

Conclusions
There is little doubt that the use of inhaled corticos-

teroids in CF is a good idea. Unfortunately, their beneÞt
has not yet been proven, although it is probably just a
matter of time. It is likely high doses will be needed to
overcome the barrier of mucus in the lungs, so careful
monitoring for adverse effects will be mandatory. If,
however, it is shown that inßammation is reduced but
there is no change in lung function or how the patient
feels, compliance to treatment is likely to be poor.

No. Age Drug Daily dose Time Inßammation Lung function
(years) (mcg)

Schi¿tz et al 19839 26 4 Ð 29 BDP 400 16w No change No change
Van Haren et al 199510 12 16 Ð 45 BUD 1600 6w Ð ­ BHR
Nikolaizik et al 199611 49 20 ± 7 BDP 1500 4w Ð ­ TGV
Balfour-Lynn et al 199712 23 6 Ð 17 FP 400 6w No change No change
Bisgaard et al 199713 55 9 Ð 29 BUD 800 26w Ð ¯ FEV1

BDP - beclomethasone dipropionate, BUD Ð budesonide, FP - ßuticasone propionate
BHR - bronchial hyperreactivity, TGV - thoracic gas volume, FEV1 Ð forced expiratory volume in 1 second
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S18.2
INHALED CORTICOSTEROIDS IN CF - CON

Bruce C. Marshall, M.D.
Intermountain CF Center, University of Utah and Primary ChildrenÕs Medical Centers, 

Salt Lake City, Utah, USA

Airways inßammation and infection begin very early
in CF and dominate the clinical picture as the disease
progresses. There is evidence that anti-inflammatory
therapy may attenuate the course of the pulmonary dis-
ease. However, in practice this knowledge has translated
into the widespread use of therapies that have not been

rigorously validated. The Þgure below, derived from the
Epidemiologic Study of Cystic Fibrosis (ESCF), docu-
ments the extent to which anti-inßammatory therapies
are prescribed in North America. Note the striking
increase in the use of inhaled corticosteroids over this
several year time frame. Data from the Epidemiologic
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Registry of Cystic Fibrosis (ERCF) demonstrate that this
therapy is also commonly prescribed in Europe. Overall,
25.5% of European patients were using inhaled steroids
in 1994-95 (10% in France, 12% in Germany and 36%
in the United Kingdom). This practice cannot be justiÞed
by the currently available data.

Before outlining the rationale against the routine use
of inhaled steroids in CF, I will brießy review the bene-
Þts and risks of systemic steroids in CF. Greally et al
performed a double-blind, placebo controlled trial in 24
patients, 5 to 20 years of age. Subjects were treated with
oral prednisolone at 2mg/kg/day for 2 weeks followed by
1mg/kg every other day for 10 weeks. The steroid treated
group showed a modest improvement in pulmonary
function and a decrease in several inßammatory markers
as compared to the placebo group. The Cystic Fibrosis
Foundation Prednisone Trial also demonstrated that
alternate day steroids may have some role in the treat-
ment of CF. This 4 year double-blind, placebo controlled
multi-center trial involved 285 children with CF, 6 to 14
years of age. Patients infected with Pseudomonas aerug-
inosa at the outset of the study showed a treatment bene-
Þt with respect to pulmonary function. Unfortunately this
beneÞt was counterbalanced by the occurrence of signiÞ-
cant adverse events. The 2 mg/kg group was aborted at
the 2 year point because of an increased frequency of
cataracts, glucose abnormalities and growth retardation.
The 1mg/kg group also showed evidence of signiÞcant
growth retardation at the completion of the trial. In addi-
tion, the steroid-treated groups became infected with
Pseudomonas aeruginosa more frequently than the
placebo group (placebo-treated, pre-56% and post-59%

versus steroid-treated, pre-53% and post-74%, p<0.05 by
chi-square analysis). Osteoporosis, another potential
complication of long term steroid therapy, was not con-
sidered in these studies. In summary, alternate day
steroids appear to have a modest beneÞcial effect on pul-
monary function, but the long term risks are substantial.

An obvious solution to the systemic side effects of
steroids is the direct delivery of drug to the airways by
the inhaled route. However the available data on this
approach is limited. The three peer reviewed publica-
tions addressing this issue are summarized in the Table
below.

None of these studies demonstrated a signiÞcant bene-
Þt of inhaled steroids on pulmonary function. Nor were
they of sufÞcient duration to address the pressing safety
concerns. The body of evidence on the use of inhaled
steroids in childhood asthma demonstrates that high
doses of inhaled steroids may adversely affect growth
and markers of bone mineralization. The systemic
absorption of these drugs from the CF airways is not
known. That coupled with the greater vulnerability of CF
patients to growth retardation, diabetes, osteoporosis and
pseudomonal infection make the use of inhaled steroids a
matter of serious concern.

Cost is another issue that argues against the routine
use of inhaled steroids in CF. For example, the cost of
beclamethasone diproprionate at the dosage level used
by Nikolaizik et al is substantial (retail cost at our phar-
macy- approximately $120 to $172 per month depending
on which preparation is prescribed). In the current health
care environment, can we justify this cost for a therapy
that is not well validated? Increasing the complexity of
the medical regimen is an additional concern. Data sug-
gests that compliance with inhaled medications is
already lower than for oral medications. Bronchodilators,
mucolytics and inhaled antibiotics are also prescribed for
many patients. Additional therapies such as inhaled
steroids may decrease the compliance rate for these bet-
ter validated drugs.

In summary, despite widespread use, there is no con-
vincing evidence that inhaled corticosteroids are efÞca-
cious in CF. SigniÞcant concerns about safety remain
unresolved, particularly for the use of high doses of these
drugs in children. Furthermore the issues of cost and
compliance with a complex regimen weigh in against the

Trial Drug/dose Design Subjects Results

Schiotz et al Beclomethasone Double-blind, 13-steroid -No improvement 
100 ug QID placebo controlled 13-placebo in inßammation, 

FEV1 or FVC

van Haren et al Budesonide Double-blind, 12-total -Improvement in 
800 ug BID crossover sxÕs, no difference 

in FEV1 or FVC 

Nikolaizik et al Beclomethasone Randomized, 25-steroid -No difference in 
800 ug BID non-blinded 24-placebo FEV1 or FVC
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routine use of this form of therapy. Additional random-
ized clinical trials addressing this issue are needed. In the
meantime this therapy should be reserved for patients
with significant bronchospasm that is not adequately
controlled by bronchodilators. Patients selected for a
therapeutic trial of inhaled steroids should be carefully
monitored for subjective and objective response. In the
absence of clearcut improvement, the drug should be dis-
continued.
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S18.3
CLINICAL CONTROVERSIES IN CF NUTRITION SUPPLEMENTATION:
WHY AND FOR WHOM? THE PRO SUPPLEMENTATION DISCUSSION

Virginia A Stallings, MD
Division of GI and Nutrition, ChildrenÕs Hospital of Philadelphia, 

Department of Pediatrics School of Medicine, University of Pennsylvania, Philadelphia, PA/USA

Malnutrition, growth failure, abnormal body composi-
tion, delayed sexual and skeletal maturation are all fre-
quently and well documented in the population of
infants, children, adolescents and adults with cystic
fibrosis (CF) and associated pancreatic insufficiency.
There is no indication that the various CF gene muta-
tions directly code for these abnormalities of growth,
development and nutritional status. 

Growth failure and malnutrition are caused by a state
of chronic negative energy balance. The negative energy
balance is because many people with CF can not, day in
and day out over a lifetime eat enough food, particularly
higher fat food, to meet their energy requirements. The
energy requirements are higher for people with CF than
for unaffected, well nourished children and adults due to
the consequences of CF, including: (1) increased resting
energy expenditure (ie, chronic inßammation, infection,
altered protein and carbohydrate metabolism, altered cel-
lular water and electrolyte metabolism); (2) unusual loss-

es (ie, pancreatic insufficiency-related malabsorption,
hepatobiliary-related malabsorption, renal losses with
untreated diabetes); and, (3) abnormal body composition
(loss of body fat in proportion to fat-free mass) resulting
in a higher metabolically active body mass.

So, the population of people with CF is at-risk for
abnormalities of growth and nutritional status. The con-
sequences of poor growth and malnutrition on the course
of CF in an individual are not fully understood. Yet,
most care providers acknowledge that malnutrition is
associated with depressed immune function, decreased
wound healing, decreased cognitive function, suboptimal
muscle and bone mass, poorer quality of life and loss of
growth potential, compared to family/genetic potential.
These are not good associations for people with a life
threatening, complex, chronic disease.

The next issue is how do we care providers diagnosis
growth failure, pubertal delay and malnutrition in a clini-
cal setting. This varies tremendously from physician to
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physician and nutritionist to nutritionist. It should incor-
porate accurate clinical data (longitudinal information/
velocity/percentiles/z score calculations) for weight,
height, head circumference (up to 3 or 5y), triceps skin-
folds (fat stores), arm muscle (muscle/ fat free mass
stores), and pubertal stage (Tanner) assessment. The
documentation of biological parental and sibling height
and pubertal history are also needed. Most laboratory
assessments are normal and do not contribute to the
process of the diagnosis of malnutrition and growth fail-
ure (except in critical illness or end stage disease) in this
setting. The issues of diagnosis, care provider bias, and
patterns of practice will be discussed. 

Based upon the simplest measures of growth of chil-
dren with CF in the US (weight and height records from
the CF Patient Registry) growth failure is common, and
these data will be reviewed. This is in contrast to better
patterns of growth reported in Canada and Australia.

If abnormalities of growth, body composition, pubertal
development or other categories of malnutrition are doc-
umented, then a treatment plan to improve energy bal-
ance is the next step. Ideally, one would work to increase
energy intake (more food, more fat, more kcal) and
decrease malabsorption (enzymes, bile acids, etc) and
causes of increased expenditure (treat infections, etc). 

Working in the Þeld of CF is fairly unique, as families
and patients are given significant information about
nutrition and growth as part of standard care. As care
providers, we are (almost) always committed to treat-
ment in steps of the least invasive intervention to the
more invasive. In nutrition and growth, that means sig-

niÞcant attention to: nutrition education, behavioral edu-
cation (child, family, food-related and medication-related
parenting skills), normal child development education,
and solving social/Þnancial/child care problems. Media-
tion use and compliance are also evaluated and modiÞed
when needed and when possible. Using these approach-
es, we would aim to improve energy balance by increas-
ing intake and the absorption of real food, then use real
food supplement strategies (put more butter or cream in
products, etc) and then turn to supplements.

When appropriate and standard approaches to improve
growth and nutrition status are taken and fail, the care
team must consider the next set of interventions to treat
the important diagnosis of growth or pubertal delay or
other forms of malnutrition. These nutritional supple-
mentation interventions must be presented fairly to the
family and, when chosen, must be implemented with the
skill and attention to follow up care accorded to all forms
of therapy provided to any patient. Nutritional supple-
mentation is in the required continuum of care to provide
optimal nutritional care for people with CF. To tolerate
malnutrition or growth failure without nutritional inter-
vention (all modes and products considered) represents
suboptimal care. Enough food and good growth are usu-
ally highly desirable to the family and patient. We must
improve our skills at diagnosis and treatment to match
the needs of the patient with the product and technology
available.

An approach to the follow-up protocol and setting and
achieving nutritional rehabilitation goals will be dis-
cussed.

S18.4
CLINICAL CONTROVERSIES IN CF NUTRITIONAL 

SUPPLEMENTATION: WHY AND FOR WHOM? Ð CON
Ross Shepherd MD, FRACP

Department of Gastroenterology and Nutrition, Royal ChildrenÕs Hospital, 
Department of Paediatrics, University of Queensland, Brisbane Q4029 Australia 

Malnutrition and growth retardation have been com-
mon complications of CF, known to adversely affect
prognosis. The observation that raised energy expendi-
ture contributes to energy imbalance is now well docu-
mented, probably related to both increased cellular meta-
bolic activity and pulmonary dysfunction. However it
can be argued that with appropriate attention to optimis-
ing absorbed nutrient intake and aggressive pulmonary
therapy from early (pre-symptomatic) CF life, normal
growth and nutritional status is achievable in the majori-
ty of CF sufferers. Possible exceptions include those
with short bowel syndrome and those who develop dia-
betes or liver disease. The beneÞts of a dietary policy
which encourages high nutrient intakes via a high fat diet
were well documented in the seminal outcome studies of
survival, growth and pulmonary function comparing the

better nourished Toronto Clinic and the less well nour-
ished Boston Clinic over 10 years ago (Corey et al,
1988). Similarly, studies from Australia (Richardson et
al 1998), comparing data from an adult CF clinic in 1983
(prior to changing dietary policy) with similar data
obtained in 1996, have shown that malnutrition has
decreased from 62 to 9%. These CF adults are now of
normal height and their mean dietary intake now exceeds
the CF RDI of 120% normal RDI (a signiÞcant increase
over 1983). These results have been achieved in the main
by consistent attention to achieving an appropriate
absorbed dietary intake and the use of nutritional supple-
mentation in only few selected cases.

The goal of achieving normal nutrition and growth in
CF requires an individualised and age related approach
to achieving an adequate oral energy intake. With mod-
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ern pancreatic enzyme therapy, energy losses of less than
10% of intake can generally be achieved (Thomson et al
1993). In CF infants, despite an inherent increase in
energy expenditure (Thomson et al 1995), most will
thrive on human milk or standard formula (Holliday and
Allen 1991). In older children and adolescents appropri-
ate energy intakes can be achieved by the oral route
using a variety of nutritional and educational approaches
(Bentur et al 1996). Eating behavior strategies may be
necessary for those consuming less than appropriate
intakes (Stark et al, 1997). The key to achieving a con-
sistent high-energy diet in these age groups is a moderate
to high palatable fat intake. Fat has both practical and
biological advantages. First, it is energy-rich and occurs
in foods highly palatable at all ages. Secondly, it is
known that for the maintenance of normal body compo-
sition, the fuel mix oxidised must match the nutrient dis-
tribution in the diet, and is inßuenced by circulating sub-
strate and hormone concentrations, which among other
things, reßect the degree of replenishment of body fuel
reserves. The amount of body fat is the key factor on
which an understanding of body weight regulation
should be based (Flatt 1995). If energy requirements are
not met, depletion of body fat and more seriously,cell
mass,occurs (Shepherd et al 1989). In addition, with pro-
longed aerobic activity there is normally an increase in
the proportion of fat and a decrease in the proportion of
carbohydrate oxidised as fuel. (Flatt 1987), but in under-
nourished CF patients, high RQ values are found, reßect-
ing an increase in the proportion of carbohydrate used as
a metabolic substrate, because fat stores are depleted
(Bowler et al 1993, Shepherd et al 1997). Veterinary sci-
entists have known for many years that Òfat adaptationÓ
(combination of a high fat diet and physical condition-
ing) favours endurance in racehorses, and recent studies
have shown that it even helps sprinting, apparently
through enhanced regulation of glycolysis, generating
more power when needed, with lower CO2 production
per unit of work (Kronfeld 1997). With these arguments,
it is of no surprise that the major difference between out-
comes of the Toronto and Boston Clinics revealed in
1988 was assumed related to the high fat dietary policy
in Toronto. 

Thus, both theoretically and practically, the metabolic
and nutritional problems seen in CF (ie hyper metabo-
lism, increased lipid utilisation, impaired glucose metab-
olism, and increased protein turnover) can be overcome
by a nutritional policy of advising an energy intake
>120% RDI, (individually higher in some cases), via a
high fat diet with appropriate pancreatic enzyme therapy,
most easily (and metabolically efÞciently) achieved by a
grazing pattern of food intake (4 meals a day with 3 high
energy snacks). Adherence to these recommendations is

likely to confer signiÞcant advantages in terms of normal
growth and nutrition, without the need for nutritional
supplementation. 
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