CLINICAL MICROBIOLOGY REVIEWS, Apr. 2002, p. 194-222 Vol. 15, No. 2
0893-8512/02/$04.00+0 DOI: 10.1128/CMR.15.2.194-222.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.
Lung Infections Associated with Cystic Fibrosis
Jeffrey B. Lyczak,'* Carolyn L. Cannon,"*? and Gerald B. Pier'~**
Channing Laboratory, Brigham and Women’s Hospital," Harvard Medical School,”
Children’s Hospital,” Boston, MA 02115
INTRODUCTION 194
Overview of CF and Bacterial Infection 194
Historical Framework for the Study of Cystic Fibrosis 195
CYSTIC FIBROSIS 196
Clinical and Biochemical Aspects 196
Diagnosis 196
Uncovering the function of CFTR 196
Biological function of CFTR after discovery of the gene 197
Clinical Manifestations of Mutations in CFTR 199
Genetic and Functional Aspects of Mutations in CFTR 199
CFTR Mutations 201
Epidemiology of CF and CFTR Mutations and Possible Advantages for Heterozygotes 202
MICROBIOLOGIC ASPECTS OF CYSTIC FIBROSIS LUNG INFECTION 204
Recovery and Distribution of Microbial Pathogens among CF Patients 204
S. aureus, H. influenzae, and CF 204
Role of Inflammation and P. aeruginosa Infection 205
Early aspects of inflammation 206
Initiation and establishment of P. aeruginosa infection 206
Emergence of the mucoid phenotype 208
Progression of chronic infection 209
(i) Biofilms and quorum sensing 209
(ii) Ineffectiveness of the innate immune response to mucoid P. aeruginosa 211
(iii) Ineffectiveness of the acquired immune response during chronic P. aeruginosa infection........... 211
THERAPIES FOR CYSTIC FIBROSIS LUNG DISEASE 211
Airway Clearance 211
Chemotherapy 212
Mechanisms of Antibiotic Resistance 213
EMERGING PATHOGENS AFFECTING CYSTIC FIBROSIS PATIENTS 214
CONCLUSIONS 215
ACKNOWLEDGMENTS 215
REFERENCES 215
INTRODUCTION of the genetic defect causing CF sparked an explosion of re-

Overview of CF and Bacterial Infection

Cystic fibrosis (CF) manifests as a clinical syndrome charac-
terized by chronic sinopulmonary infection as well as by gas-
trointestinal, nutritional, and other abnormalities. The genetic
basis for CF is a well-characterized, severe monogenic reces-
sive disorder, found predominantly in Caucasian populations
of European ancestry, that arises from mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene.
While the gene defect results in a myriad of medical problems
for the patient, the most meddlesome clinical feature, chronic
pulmonary infection with Pseudomonas aeruginosa, allows the
basic pathologic process in CF to be designated an infectious
disease. Ultimately, 80 to 95% of patients with CF succumb to
respiratory failure brought on by chronic bacterial infection
and concomitant airway inflammation. The discovery in 1989
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search efforts, which have led to a greater understanding of the
molecular mechanisms underlying the various phenotypic
manifestations of the disease. Yet the breadth of the link
between mutant forms of the CF gene product, CFTR, and
chronic bacterial respiratory infections, particularly by P.
aeruginosa, remains elusive. Deciphering this link is critical,
since this infection and the ensuing inflammation accounts for
the majority of the morbidity and mortality in the disease.
Lungs of CF patients are often colonized or infected in
infancy and early childhood with organisms, such as Staphylo-
coccus aureus and Haemophilus influenzae, that may damage
the epithelial surfaces, leading to increased attachment of, and
eventual replacement by, P. aeruginosa. However, adequate
clinical studies to determine the role of these organisms in the
pathogenesis of lung disease in CF patients have never been
published. The recovery of these organisms from a bronchoal-
veolar lavage (BAL) fluid sample from the lung would be
considered a frank infection in need of therapy. However, the
role that S. aureus, nontypeable H. influenzae, and similar or-
ganisms isolated from oropharyngeal cultures play in the pro-
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gression of CF patients to respiratory failure has not been
determined. Rather, the pathogenic role of S. aureus and non-
typeable H. influenzae in the development of lung disease in
CF patients is inferred principally from clinical anecdote but is
otherwise lacking any solid support from studies in the peer-
reviewed literature.

Chronic infection with P. aeruginosa is the main proven
perpetrator of lung function decline and ultimate mortality in
CF patients. Chronic P. aeruginosa infection leads to epithelial
surface damage and airway plugging, progressively impairing
airway conductance, which results in a decline in pulmonary
function. Intense inflammation characterized by neutrophil se-
questration in the airways contributes to impaired clearance
and plugging associated with the death of senescent cells. Air-
way damage also arises through neutrophil release of a variety
of oxidants and enzymes.

CF has not always been a disease characterized by chronic
pseudomonal sinopulmonary infection. Prior to 1946, the re-
ported prevalence of CF pseudomonal infections was low (78).
However, a variety of sources indicate that during the 1960s P.
aeruginosa became the most prevalent organism in the airways
of CF patients (229). The emergence of this pathogen coin-
cided temporally with the introduction of regional centers that
specialized in CF care. The adherence to standardized princi-
ples of multidisciplinary therapy by CF centers has been lauded
as an important factor responsible for increasing the median
survival from 14 years in 1969 to greater than 30 years currently
in the United States (247). However, studies in Denmark
pointed to CF centers as potential sites of increased risk for
spread of P. aeruginosa (223, 225). Studies in the United States
have corroborated these suspicions. In a study by Farrell et al.
(90), the median pseudomonas-free period of the patients at-
tending one center was more than five times that of those
attending another CF center. The center with the earlier
pseudomonal acquisition time was distinguished by an urban
setting, admixing of young patients with older, P. aeruginosa-
infected patients, and more opportunity for social interactions
among the patients. Further studies in Denmark (95) demon-
strated a decrease in pseudomonal colonization after institu-
tion in 1981 of cohort isolation (isolation of younger, unin-
fected patients from older patients more likely to carry
infectious agents). Thus, the acquisition of P. aeruginosa by CF
patients can be affected by different treatment settings.

Historical Framework for the Study of Cystic Fibrosis

Prior to 1938, CF was recognized as a collection of diverse
clinical syndromes of the alimentary and respiratory tracts.
While defects in these systems are apparent by 6 months of
age, defects of the alimentary system are the most pronounced
at very early ages, when difficulty in feeding or failure to gain
weight are conspicuous symptoms. Early descriptions of CF
(also called fibrocystic disease of the pancreas or mucoviscido-
sis) were impaired by several practical obstacles. Chief among
these obstacles was the small sample size of affected individu-
als included in these studies. This factor complicated estimates
of the population frequency of CF, thus delaying the charac-
terization of its genetic basis. Second, even after these multiple
clinical manifestations of CF were recognized to represent the
same disease entity, definitive diagnosis was usually possible
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only at autopsy, since data on familial occurrence were fre-
quently inaccurate or unavailable.

Our understanding of the genetic basis of CF was advanced
greatly by the work of Dorothy Andersen, who in 1938 pub-
lished a detailed study of 49 CF patients (6). In this study, cases
were categorized into three groups based on the patients’ age
at death. Group I consisted of patients who died before the age
of 1 week, group II consisted of patients who died between 1
week and 6 months, and group III consisted of patients who
died between 6 months and 14.5 years of age. The cause of
death of patients in group I was intestinal obstruction, while
patients in groups II and III usually died of “respiratory com-
plications.” However, a broad range of observations demon-
strated that despite these classifications, similar pathological
conditions (for example, pancreatic lesions and malnutrition)
could be seen in all patients. These observations led to an
understanding of CF as a single disease with diverse effects
rather than a loose collection of related disease states. Further
evidence of the pleiotropic manifestations of CF was presented
by di Sant’Agnese et al., who demonstrated that the sweat of
CF patients contains abnormally high concentrations of so-
dium, chloride, and potassium (77), and by Shwachman et al.,
who made the interesting observation that seven CF patients
(two males and five females), who had reached adulthood and
married had universally failed to produce offspring (297).

Citing histological data from autopsy samples, Norris and
Tyson (209) and Baggenstoss et al. (12) postulated that the
physiological nature of the CF defect was a malformation of
the pancreatic ducts, leading to defective secretion by various
epithelial glands. While it was appreciated that pancreatic
function could be normal in some patients with CF (pancreatic
sufficient), most patients who were recognized to have the
disease presented with large greasy stools (steatorrhea) due to
pancreatic function that was inadequate for proper absorption
of nutrients (pancreatic insufficient). Consequently, CF was
viewed primarily as a disease of the digestive tract. Thus, early
studies were biased toward severe cases and focused on de-
tailed histological descriptions of the anatomical defects of the
pancreas during progression of CF. While minor discrepancies
exist between studies, several consistent observations warrant
comment. Acini (glands) were found to contain concretions
(dehydrated secretions) of various sizes; also, the acinar cells
exhibited various degrees of flattening, resulting in a vaguely
squamous appearance (6). The degree of flattening of the
acinar cells appeared to be directly related to the size of the
concretions. Furthermore, acini were often surrounded by fi-
brous or adipose tissue and were also occasionally infiltrated by
fibroblasts, lymphocytes, plasma cells, or phagocytes (6, 209).
Walters proposed that these sequelae stemmed from hyper-
plasia (overproliferation) of ductile epithelial cells (332). Such
hyperplasia was presumed to compress the local acinar tissue,
resulting ultimately in atrophy of the acini and their replace-
ment by fibrous or adipose tissue (332). The islets of Langer-
hans are usually reported to be normal in terms of their archi-
tecture but have been reported at times to be less frequent in
the CF pancreas than in a normal pancreas. These changes are
now appreciated to be due to autodigestion of pancreatic tissue
from enzymes trapped in concretions.

More recently, it has been proposed by Freedman et al. (96)
that dysfunction of the acinar tissue in CF may be due to an
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imbalance in the utilization of free fatty acids in the phospho-
lipids of CF patients. These workers reported that the phos-
pholipids of CFTR knockout mice contain a higher than nor-
mal proportion of arachidonic acid, at the expense of
docosahexaenoic acid (DHA). Orally administering DHA to
the knockout mice corrected the membrane defect and re-
stored normal histology to the affected tissues, suggesting that
physiologic defects in CF are not due to an inability of the CF
intestine to absorb certain fatty acids but, rather, are due to a
defect in fatty acid synthesis or utilization.

Bacteriological studies on the lungs of CF patients date to
the turn of the century. In 1905, Landsteiner (169) reported
that of 15 CF lung samples, 9 were culture positive. S. aureus
was the predominant agent isolated, although Staphylococcus
albus (i.e., coagulase-negative staphylococcus, probably Staph-
ylococcus epidermidis) and Streptococcus haemolyticus (i.c.,
Streptococcus pyogenes) were also identified in the cultures
(169). As treatment standards for CF patients improved over
the years, the average mean survival of CF patients increased
dramatically. Most notable among such advances was the re-
finement of nutritional regimens (4, 19, 290) and the advent of
antibiotic chemotherapy (122, 193, 197, 228). While essentially
all patients prior to the 1950s died by the age of 10 years,
reports published in the 1950s (192) and 1960s (297) described
a considerable proportion of CF patients surviving well beyond
this age. By the 1990s, approximately one-third of CF patients
were surviving to adulthood (93). This increased mean survival
has had a dramatic impact on the nature of CF as an infectious
disease, since the longer survival of CF patients has created
opportunities for the establishment of infection by bacteria
other than Staphylococcus. Two reports published in 1968 by
Burns and by Burns and May demonstrated that the sera of CF
patients contained antibodies to both P. aeruginosa and Kieb-
siella spp. (43, 44). Furthermore, the presence of serum anti-
bodies to P. aeruginosa correlated perfectly with bacterial car-
riage, as assessed by sputum culture of the microorganism.
Today, P. aeruginosa is the most prevalent pulmonary patho-
gen in CF patients.

CYSTIC FIBROSIS
Clinical and Biochemical Aspects

Diagnosis. The diagnosis of CF is usually made clinically,
although the use of universal neonatal screening for immuno-
reactive trypsin in some places has allowed for very early di-
agnosis shortly following birth. CF often presents with a typical
constellation of symptoms including chronic respiratory infec-
tions and gastrointestinal abnormalities leading to malabsorp-
tion and nutritional deficits. The definitive diagnosis is made
with a sweat test. A sweat chloride concentration of more than
60 mmol/liter determined on two or more occasions by quan-
titative pilocarpine ionophoresis remains the “gold standard”
for diagnosis (308). Interpretation may be clouded in cases of
neonates whose sweat chloride levels may be transiently high
and in older adults whose sweat chloride levels normally in-
crease; both of these cases lead to false-positive tests. Similarly,
false-negative tests may be obtained in malnourished patients
with hypoproteinemic edema (leakage of fluid from serum due
to decreased serum protein content, as encountered during
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severe protein malnutrition) and in patients with hypochlor-
emia (loss of chloride electrolytes) due to dehydration. False-
negative sweat tests can also be a consequence of the particular
combination of CFTR mutations carried by an individual CF
patient. For example, patients homozygous for AF508 CFTR
(which alone would cause abnormal sweat electrolyte levels)
but who have a third mutation in one of their CFTR alleles,
R553Q, may have normal sweat electrolyte levels (83), indic-
ative of possible compensatory, second mutations in an allele
that otherwise leads to elevated sweat chloride levels. For
these reasons, diagnosis is confirmed by genetic analysis. While
genetic screens are able to identify more than 90% of occur-
rences of the more than 1,000 known CFTR mutations, a neg-
ative screen does not ensure a normal CFTR genotype since
the commercial screens that are currently available detect only
the 70 most prevalent CFTR mutations. Diagnoses that remain
unclear after sweat testing and genotyping may be confirmed
by a test that directly measures CFTR function, such as nasal
potential difference testing (a method for real-time measure-
ment of transepithelial electrical potential resulting from ion
transport through channels including CFTR [154]).

Uncovering the function of CFTR. The deciphering of the
biological function of CFTR began in 1953 with the observa-
tion (77) that the sweat of CF patients contains abnormally
high electrolytes levels. This observation has ultimately led to
demonstrations by several researchers that CF patients have
abnormalities in chloride conductance in and out of cells (243,
279). Normally, as the isotonic secretions travel from the aci-
nus of the sweat gland to the surface of the skin, the epithelial
cells lining the ducts act to reabsorb NaCl, resulting in hypo-
tonic sweat. However, the sweat ducts of CF patients are im-
permeable to Cl . Thus, the NaCl remains in the secretions,
and the sweat is salty (Fig. 1). Later studies by Sato and Sato
(267) showed that unlike normal glands, CF sweat glands fail
to secrete fluid in response to B-adrenergic agonists that stim-
ulate cyclic AMP (cAMP) production, yet CF glands produced
normal amounts of cCAMP. Thus, the Cl~ conductance defect
was located downstream from adenylate cyclase, at the level of
the chloride channel or regulator. Studies utilizing the patch-
clamp technique, which enables observations of single ion-
channel activity, suggested that the defect lay in the regulation
of a chloride channel, called the secretory channel, which was
studied by multiple investigators using a variety of epithelial
tissues. This channel has the following properties: outward
rectification (implying a preference to transport Cl~ ions into
rather than out of the cell), moderate conductance, and acti-
vation by cAMP and protein kinase A (PKA) and, under some
conditions, protein kinase C (PKC). Outwardly rectifying chlo-
ride channels (ORCC) can be found in epithelial cells from CF
patients, but these fail to respond to PKA and PKC. This
observation prompted historical speculation that if the CF
gene product did not encode the ORCC, it was perhaps a
regulator of the ORCC (132, 175, 272).

The “secretory channel” designation was based on the real-
ization in the 1970s that Cl™ channels play a pivotal role in
fluid secretion by epithelial tissues (99). The ability of secretory
epithelia to release fluid rests on the energy provided by the
ubiquitous, basolaterally located Na*/K*"-ATPase, which
maintains a low intracellular concentration of Na™ (Fig. 2).
This low Na™ concentration, coupled with the negative trans-
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FIG. 1. Diagram of a sweat gland, showing paths taken by chloride ions (arrows) during secretion. In both normal and CF sweat glands in the
dermis, chloride is present in secretions at a concentration of 105 mEq, equaling that in serum (“isotonic”). (Top) In the normal sweat gland,
chloride is absorbed out of the sweat in a CFTR-dependent manner as the sweat travels from the gland to the skin surface. As a result, the chloride
concentration in normal sweat is below that in serum (“hypotonic”), with <40 mEq considered normal and <20 mEq being typical. (Bottom) In
the CF sweat gland, chloride absorption is hindered by defective CFTR function. As a result, sweat which reaches the skin surface has higher than

normal chloride concentrations (>60 mEq).

membrane potential (the interior of the cell is negatively
charged compared with the exterior), drives the passive diffu-
sion of Na™ into the cell, as well as the energetically unfavor-
able intracellular accumulation of CI™, through a basolaterally
located Na™/K*/2Cl~ cotransporter. When the cell is stimu-
lated to secrete, C1™ channels open, allowing Cl™ to exit down
its electrochemical gradient. Na* ions follow the Cl~ ions
through a paracellular pathway, and water follows the salt due
to the resulting osmotic gradient. The rate-limiting step for
fluid secretion is the flow of CI~ through the regulated apical
chloride channels, presumed to be either the observed secre-
tory channels or the ORCC. However, when the gene for CF
was cloned (146, 258, 260) and the gene product, CFTR, was
studied, it became clear that the CFTR protein was not the
expected ORCC channel. Instead, the CFTR protein acts as a
cAMP-sensitive C1~ channel of low conductance with no pref-
erence for the direction of Cl™ transport (16, 17, 144). Con-
troversy subsequently surrounded the original work identifying
the defective ORCC regulation in CF cells. However, wild-type
CFTR introduced into a CF cell corrected the defective pro-
tein kinase regulation of ORCCs (84). Moreover, although
ORCCs were found in cells from CFTR ™'~ mice (103), these
channels were insensitive to activation by PKA or PKC. Thus,
the validity of the original ORCC studies was established, as
was the astute designation of the CF gene product as a con-
ductance regulator, due to its ability to regulate other channels
including the classic ORCC.

Biological function of CFTR after discovery of the gene. The
list of proteins with which CFTR interacts in its role as con-

ductance regulator continues to grow and includes channels,
transporters, and proteins linked to the apical cytoskeleton
scaffolding of epithelial cells (Table 1). These proteins are
poised to participate in the secretory functions that were orig-
inally ascribed to the ORCC but are now known to be orches-
trated by CFTR. Investigations into these interactions have
shed light on puzzling observations including the increased
Na™ absorption noted in CF airways (28), an abnormality that
prompted a clinical trial of aerosolized amiloride, which inhib-
its sodium absorption, for treatment of CF (152). Cloning of
the amiloride-sensitive epithelial Na™ channel (ENaC) (47)
enabled direct demonstration of the negative modulation of
the ENaC current by normal CFTR (116, 135, 311) through
binding of the C-terminal tail of ENaC to intracellular cyto-
plasmic domains of CFTR (NBD1 and the R domain) (166).
Similarly, CFTR confers sulfonylurea sensitivity on the in-
wardly rectifying K* channel of the kidney, ROMK?2, through
interaction with the NBD1 and R domains, as well as the first
transmembrane domain, of CFTR (46).

The CFTR and the ORCC appear to interact directly, as
well as indirectly through CFTR-facilitated ATP release (Fig.
3). Direct interaction of CFTR and the ORCC is suggested by
studies demonstrating a failure to activate ORCC when PKA
and ATP are applied to either side of the channel in the
absence of CFTR (140). ATP and other nucleoside triphos-
phates are known to stimulate CI~ secretion when applied to
the extracellular surface of cultured human airway epithelia
(169). In addition, ATP and UTP were found to be equipotent
in vivo Cl™ secretagogues (153, 312). Indeed, nanomolar con-

6002 ‘8 JaqWIBAON UO Ag B10°WSe WD Woly papeojumod


http://cmr.asm.org

198 LYCZAK ET AL.

Step 4
Na+ H20

Step 1 Step 2

FIG. 2. Chloride secretion in a pulmonary secretory epithelial cell.
The ability of secretory epithelia to secrete fluid rests on the energy
provided by the ubiquitous, basolaterally located Na*/K"-ATPase
(Step 1), which maintains a low intracellular concentration of Na™ by
actively pumping it out of the cell. The low intracellular Na™ concen-
tration, coupled with the high extracellular Na™ concentration and the
negative transmembrane potential, drives the passive diffusion of Na™
into the cell down the concentration gradient. The channel through
which this passive diffusion occurs (the Na*/K*/2Cl~ cotransporter)
requires concomitant transport of Na*, K*, and CI~ for any transport
to occur at all. Thus, the passive diffusion of Na™ into the cell is
coupled with an intracellular accumulation of CI™ against its electro-
chemical gradient (Step 2). When the cell is stimulated to secrete, Cl™
channels open, allowing Cl~ to exit down its electrochemical gradient
(Step 3). Sodium ions follow the ClI™ ions through a paracellular
pathway, and water follows the salt due to the resulting osmotic gra-
dient (Step 4).
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centrations of extracellular ATP or UTP stimulated ORCC in
both normal and CF airway epithelial cells (284), consistent
with the hypothesis that ATP regulated ORCC through a pu-
rinergic receptor. However, CFTR-modulated ORCC activa-
tion by cAMP and PKA has been shown to require a physio-
logical intracellular concentration of ATP (5 nM) (285) as well
as the extracellular release of ATP (141, 284). The centrality of
CFTR in the autocrine/paracrine ATP signaling between
CFTR and ORCC and other epithelial anion channels (313)
led to the disputed hypothesis that CFTR itself conducts ATP.
Several investigators have provided evidence to support this
hypothesis (254; E. H. Abraham, P. Okunieff, S. Scala, P. Vos,
M. J. Oosterveld, A. Y. Chen, and B. Shrivastav, Letter, Sci-
ence 275:1324-1326, 1997), while others have failed to dem-
onstrate CFTR-dependent ATP conductance (117, 252). More
recent work has suggested that CFTR regulates a closely as-
sociated but separate ATP channel (176, 314).

Analogous debates center on the ability of CFTR to modu-
late or directly mediate the secretion of bicarbonate ions
(HCO; ). Transepithelial secretion of HCO; ™, like the trans-
epithelial secretion of Cl~, probably requires the coordinated
activity of a variety of transporters including (i) an apical anion
channel, (ii) a CI"/HCO; exchanger, (iii) HCO5;  uptake
across the basolateral membrane, (iv) HCO; ™ production by
intracellular carbonic anhydrase, and (v) paracellular transport
(133). In the small intestine, HCO; ™ secretion activated by
cAMP, cGMP, or Ca®>" requires the presence of CFTR (125,
126). Indeed, duodenal mucosal cells from CF patients display
significantly lower basal secretion of HCO;~ than do cells from
patients expressing wild-type CFTR (240). However, similar to
ATP stimulation of Cl~ secretion in airway cells, gallbladder
epithelium lacking functional CFTR can be stimulated to se-
crete HCO; ™ via UTP activation of a purinergic receptor that
in turn activates a Ca®*-dependent channel (53). Defective
CFTR results in defective HCO5 ™~ secretion in airway epithe-
lial cells, in addition to gastrointestinal mucosal cells (134,
302). However, evidence for direct permeation of HCO;™
through CFTR is equivocal. Patch-clamp studies by some
groups have demonstrated that HCO;~ permeates through
CFTR, although four to seven times less well than does Cl™~
(177, 239). Nonetheless, HCO;  uptake in CF and normal

TABLE 1. Molecules that interact with CFTR?

Molecule Function

Interaction with CFTR Reference(s)

Protein channels

ORCC Outwardly rectifying chloride channel
ENaC Epithelial sodium channel
ROMK2 Renally derived K*-ATP channel
Aquaporin 3 Water channels in airway epithelial cells
(AQP3)

Transporters
NKCC1 Na™/K"/2Cl™ cotransporter
NBC-1 Electrogenic Na™/HCO;~ cotransporter

Other proteins
Syntaxin 1A Membrane traffic machinery
NHERF/EBP50  Na*/H" exchanger regulatory factor/ERM-

binding phosphoprotein 50

CFTR required for activation by PKA and PKC
NBD-1, R domain binding inhibits ENaC function
TMD1, NBF1, and R domain of CFTR interact
CFTR-dependent activation via NBD1

Wild-type CFTR upregulates expression
CFTR-Cl™ secretion potentiates NBC function

Binds 1:1 CFTR N terminus, inhibits CFTR
function
Binds to PDZ motif at CFTR C terminus

140, 141, 284, 286
166, 273

46

274, 275

296
295

202, 203

31, 119, 294

“ Reprinted from reference 229a with permission from Elsevier Science.
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FIG. 3. CFTR regulates apical ion transport via several mechanisms. The first of these mechanisms is the innate function of CFTR as a chloride
channel (triangle 1). Second, the R domain of CFTR associates with and regulates the activity of the potassium channel ROMK2 (triangle 2).
Third, CFTR mediates transport of ATP across the plasma membrane. This extracellular ATP can then bind to the purinergic receptor (PY2R),
which regulates the activity of the ORCC (triangle 3). Lastly, there is evidence that CFTR can directly activate the chloride import activity of the
ORCC and repress the sodium channel ENaC (triangle 4). The plasma membrane shown in the figure represents the surface of a generic epithelial

cell, with characteristics of epithelia from several tissues.

sweat duct cells is comparable (23), as is cytosolic pH regula-
tion of CF and CFTR-corrected nasal epithelial cells (133),
perhaps due to the predominance of alternate HCO; -con-
ductive pathways. An important role for HCO;™ transport in
the pathogenesis of CF was provided by the recent study of
Choi et al. (51), who found that CFTR mutations that do not
support HCO; transport are associated with the more severe
pancreatic-insufficient phenotype, whereas CFTR mutations
that lead only to reduced HCO5 ™~ transport are associated with
the pancreatic-sufficient phenotype.

Clinical Manifestations of Mutations in CFTR

Defects in epithelial Na™, Cl1-, and HCO;~ transport, and
accompanying abnormalities in fluid secretion, underlie many
of the clinical manifestations of CF (56, 68). The destruction of
the exocrine pancreas is attributed to autodigestion of the
acinar tissue following plugging of the pancreatic ducts by
secretions that are thickened due to decreased fluid flow by the
pancreatic acinar cells. Approximately 5 to 10% of patients
with CF present with a gastrointestinal blockage known as
meconium ileus, which is linked to accumulation of fecal ma-
terial secondary to inadequate fetal pancreatic enzyme produc-
tion and diminished intestinal fluid secretion. The decrease in
pancreatic enzyme production leads to malabsorption, partic-
ularly of fats, and manifests as failure to thrive, the most
common feature of CF in infants and children. Older patients
have an increasing incidence of diabetes mellitus, associated
with destruction of the pancreas. Obstruction of the hepatic
ducts has been hypothesized to be the etiology of the liver
disease in CF. Abnormal fluid secretion may contribute to the
cardinal respiratory features of CF, including the ubiquitous
pansinusitis, through a decrease in the airway surface fluid

volume, which impairs the activity of the mucocilliary escala-
tor. Patients may present, particularly in the summer months,
with hyponatremic dehydration (dehydration due to loss of
sodium, as experienced by many marathon runners) and met-
abolic alkalosis (increased serum pH accompanying electrolyte
derangements, as experienced following severe vomiting) due
to electrolyte losses in the sweat.

Other features of CF are not clearly related to the role of
CFTR as a coordinator of fluid secretion. For example, the link
between CFTR defects and congenital bilateral absence of the
vas deferens (CBAVD), which renders most males with defec-
tive CFTR infertile (55), is unclear. The role that CFTR plays
in some tissues in which it is highly expressed, such as heart and
kidneys, which have conspicuously normal phenotypes in CF
patients (aside from the somewhat greater propensity of CF
patients to develop kidney stones) is also not clear.

Genetic and Functional Aspects of Mutations in CFTR

The hereditary nature of CF was first demonstrated by
Andersen and Hodges (7), who in 1946 published a pedigree-
type analysis of CF in 20 affected families. CF was found to
occur with a frequency approximating 25% in the affected
families—the value expected for an autosomal recessive disor-
der inherited in a classical Mendelian fashion. The observation
(77) that the sweat of CF patients has an abnormal electrolyte
content provided an additional clue to the etiology of CF. The
abnormal electrolyte content was found to be due to an ab-
sence of the normal chloride conductance in the sweat duct
(243). The cause of this defect in chloride conductance and of
its mode of inheritance was determined in 1989, when the
CFTR gene was identified and cloned (146, 258, 260). The
CFTR gene was cloned without any knowledge of its function,
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FIG. 4. Schematic diagram of the proposed structure of CFTR. A member of the ABC family, CFTR consists of a tandem repeat of the ABC
motif. This motif comprises a membrane-spanning domain (composed of six transmembrane stretches of amino acids) followed by an NBD. In
CFTR, the two occurrences of this motif are separated by a regulatory (R) domain. Each NBD is able to bind and hydrolyze ATP to operate
chloride channel function: hydrolysis of ATP by NBD-1 opens the chloride channel, while ATP hydrolysis by NBD-2 closes the channel. Channel
function is further regulated by phosphorylation of serine residues in the R domain.

by screening total RNA from various tissues with cDNA
probes and by “reverse genetics” techniques based solely on
the chromosomal location of the gene. The gene was identified
from an mRNA which was abundant in tissues adversely af-
fected in CF patients (258). Chromosomal walking experi-
ments (260) confirmed the localization of the CFTR gene to
the long arm of chromosome 7, the region to which the CF
gene had previously been mapped (155, 327, 330). The identity
of the CFTR gene as the gene responsible for the CF pheno-
type was further supported by the fact that CF patients were
found to have homozygous loss of function at this genetic locus
(258). The CFTR gene product has homology to a large family
of transporters including the multidrug resistance protein, p-
glycoprotein. Since the structure did not clearly reveal the
function of the CF gene product, the protein was named cystic
fibrosis transmembrane conductance regulator (CFTR) to re-
flect its role as either a channel, a regulator of channels, or, as
is now known to be the case, both (258). The chloride channel
function was later confirmed in transfection studies demon-
strating that introduction of the CFTR gene into cell lines
resulted in increased chloride flux (9).

The CFTR protein (Fig. 4) is a member of the ATP binding
cassette (ABC) family of transporters. Members of this protein
family are found in mammals, insects, yeast, and bacteria and
include the multidrug resistance efflux pump (MDR1) (257),
the transporters associated with antigen processing (TAP1 and
TAP2) (307), and the bacterial histidine permease (178, 206).
The highly conserved motif that defines the ABC family of
proteins includes a membrane-spanning domain, containing six
membrane-spanning peptides, followed by a nucleotide bind-
ing domain (NBD), which is responsible for the ATP binding
and hydrolysis that supplies energy to drive the opening and
closing of the ion channel. Like many members of the ABC
family, CFTR consists of a tandem repeat of this motif.

The membrane-spanning domain of ABC family proteins
typically consist of six membrane-spanning regions (although
in some cases, five transmembrane regions have been predict-
ed). Sequence comparisons conducted by Manavalan et al.
(184) demonstrated that the amino acid sequences of the trans-
membrane hydrophobic stretches are only mildly conserved.
However, the length of the hydrophilic loops that connect the
membrane-spanning regions is highly conserved, suggesting
that the spacial topology of the membrane-spanning regions is
crucial for channel function. In addition, despite the low con-
servation of amino acids that comprise the membrane-span-
ning domains, specific amino acids in these regions can be
important for proper functioning of CFTR. For example,
CFTR mutations that cause proline residues to occur within
transmembrane regions have been found in some cases to
result in reduced chloride conductance and in other cases to
alter the selectivity of transported ions (291). These data sug-
gest that alterations in residues within the membrane-spanning
regions (or alterations in the spatial arrangement of the trans-
membrane regions) affect the diameter of the pore for the
chloride ion. This can result in a loss of channel function, when
the pore size is reduced, or in the transport of ions larger than
chloride, when the pore diameter is increased. Interestingly,
one proline mutation caused reduced synthesis of CFTR com-
pared to that in the wild type (291). Given the wide variety of
phenotypes observed in such mutational studies, generaliza-
tions regarding the effect of mutations within the membrane-
spanning domains of CFTR are difficult to make.

The NBDs of CFTR are responsible for the binding and
hydrolysis of ATP and provide the energy necessary for chan-
nel activity (8). A recent study (104) reports that the two NBDs
of CFTR function in a coordinated fashion to sequentially
mediate the opening and closing of the ion channel pore. Thus,
the N-terminal NBD (NBD-1) hydrolyzes one molecule of

6002 ‘8 JaqWIBAON UO Ag B10°WSe WD Woly papeojumod


http://cmr.asm.org

VoL. 15, 2002

LUNG INFECTIONS IN CYSTIC FIBROSIS 201

TABLE 2. Classification of CFTR mutations”

Class Description Translation Processing Function Regulation Common mutations

I No CFTR protein - - - - G542X, W1282X, R553X
11 Defective protein + - + + AF508

111 cAMP unresponsive + + + - G551D, N1303K

v cAMP responsive, reduced conductance + + + + R117H, R347P

\'% Reduced synthesis/processing + + + + 5T, 621 + 1 G—>T?

“ As proposed by Wilschanski et al. (343).
® G to T at position +1 of intron 4, which starts at nucleotide 621.

ATP to open the channel and then the C-terminal NBD
(NBD-2) hydrolyzes a second molecule of ATP to close the
channel. The NBDs of CFTR contain motifs that are common
to the nucleotide binding folds of many ABC- and non-ABC
family proteins, but they also contain motifs that are restricted
to the ABC family or to a subset of ABC proteins. The most
widely conserved ABC family motifs are the Walker A motif
(at the amino-terminal end of each NBD) and the Walker B
motif (at the carboxy-terminal end of each NBD), which func-
tion in the binding and coordinate interaction of ATP and
Mg?", respectively. The Walker A motif has the sequence
GxxGxGK(S/T), where x is any amino acid. Mutations within
the Walker A motif have a strong negative effect on channel
activity (245). The Walker A motif is also referred to as the
phosphate loop or P-loop, since its constituent amino acids
make direct contacts with the a-, -, and y-phosphates of ATP.
The Walker B motif has a less stringent sequence, which can be
represented R(x)*®ddddD, where x is any amino acid and ¢
is any hydrophobic amino acid. In addition to the two widely
conserved Walker motifs, NBDs of the ABC family proteins
contain a motif which is unique to this family—the signature
motif or C motif. The C motif lies between the Walker A and
B motifs, just upstream of the Walker B motif, and has the
consensus sequence LSGGQ. The NBD of CFTR also contain
a fourth conserved motif that appears in only a subset of ABC
family proteins. This motif is the center region, which lies at
the midpoint between the Walker A and B motifs. While mu-
tations within the Walker A, Walker B, and signature motifs
usually impair protein function, the importance of the center
region is variable depending on the particular transporter pro-
tein. The yeast a-factor transporter STE6, for example, is tol-
erant of mutation within its center region (18), while other
ABC proteins (CFTR, for example) are quite sensitive to mu-
tations in this motif. For example, the most common mutation,
AF508 CFTR, is a center-region mutation.

In addition to the two protein domains already described
(membrane-spanning domain and NBD), CFTR contains a
regulatory (or R) domain, which modulates the channel activ-
ity of CFTR (49, 318). Only a small subset of ABC family
proteins contain an R domain. Other examples of R domain-
containing ABC proteins are the yeast YCF1 protein, which
confers cadmium resistance to yeast (317), and the MRP1
multidrug resistance gene (145). A model of R domain func-
tion has been proposed by Ma et al. (180), who suggests that
when dephosphorylated, the R domain interacts with the N-
terminal NBD (NBD-1), thus blocking the ATP binding site on
the NBD. With ATP unable to bind, channel opening cannot
occur. According to the same model, when the R domain
becomes phosphorylated, it either dissociates from the NBD or

interacts with the NBD in a different way, such that the ATP
binding site of NBD-1 is available. Further evidence for the
important role of the R domain in channel activity was ob-
tained through the analysis of R-domain point mutants, which
demonstrated either reduced channel activity or complete loss
of activity (219). Deletions in the R domain result in regulatory
defects (180). The physical interaction of the R domain with
NBD-1, as well as the phosphorylation dependence of this
interaction, has recently been demonstrated (205), supporting
the model of Ma et al. However, the actual mechanism by
which the ion channel activity of CFTR is regulated is probably
more complex. For example, data from other groups has shown
that phosphorylation in the R domain affects channel activity
differently depending on which serine residue(s) of the R do-
main is phosphorylated (341, 345).

CFTR Mutations

Over 1,000 naturally occurring mutations have been identi-
fied in the CFTR gene (see the CFTR mutation database main-
tained by the Cystic Fibrosis Genetic Analysis Consortium at
http://www.genet.sickkids.on.ca/cftr/). The mutations identified
to date occur throughout the CFTR gene and include many
types of mutations including missense, nonsense, and frame-
shift, mutations, splice variants, and in-frame amino acid de-
letions. Wilschanski et al. categorized CFTR mutations accord-
ing to the mechanism by which the protein alteration affects
chloride secretion (Table 2) (343). The phenotypes generated
by these mutations range in severity; some CFTR mutations
have a completely normal phenotype while others cause severe
CF impacting many organ systems. Even if one restricts one’s
interest only to mutations that cause clinical CF disease, one is
still left with a large number of mutant alleles that results a
wide variety of clinical conditions.

Early attempts to characterize CFTR mutations were hin-
dered by the lack of a noticeable phenotype in CFTR heterozy-
gous individuals, by the wide range of clinical presentation
(resulting in the identification of mutant alleles being depen-
dent on the prevailing clinical definition of CF), and by the
extreme preponderance of one mutant allele, AF508. An im-
portant advance in the identification of CFTR mutant alleles
was the refinement of molecular genetics approaches. Early
attempts to track the distribution of CF alleles relied on re-
striction fragment length polymorphism linkage analysis, which
was fraught with error due to the loose linkage of common
marker haplotypes with the CFTR gene. The advent of tech-
niques such as single-strand conformational polymorphism al-
lowed the screening of large numbers of individuals for mutant
alleles. This, together with a more rigorous study of the epi-
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demiology of the disease, allowed the identification of many
novel CFTR alleles, some with subtle clinical manifestations.

In addition to mutations resulting in changes in amino acids
comprising the CFTR protein, other mutations affecting tran-
script production, such as the so-called 5T allele, can impact
CFTR levels. In the ST allele there is a variation in the length
of the polypyrimidine tract in the splice acceptor site at the 3’
end of intron 8. While the normal splice acceptor site at this
location has nine tandem thymidines, shortening of the poly-
pyrimidine tract first to seven and then to five thymidines,
results in inefficient splicing of the CFTR transcript. Although
this mutation was originally characterized as the causative fac-
tor of CBAVD (58), the 5T allele has more recently been
shown to manifest itself as the cause of mild but clinically
detectable pulmonary dysfunction (55). Moreover, this muta-
tion can cause pancreatic insufficiency, although the latter se-
quela appears to be uncommon (146). The mild and highly
variable phenotype associated with the 5T allele has compli-
cated its characterization. In a study conducted in 1997, Kerem
et al. reported that of a cohort of approximately 150 subjects,
those with typical or atypical CF had an approximately three-
fold-higher incidence of the 5T allele than did individuals with-
out CF (147). The subjects in this study who carried the 5T
allele presented with a wide range of symptoms including
asthma, bronchitis, bronchiectasis, meconium ileus, and pan-
creatic insufficiency. Even the sweat chloride levels of 5T allele
carriers exhibited a wide range from normal to elevated, con-
founding the use of sweat chloride levels as the pathognomonic
feature of CF. The 5T allele probably results in a more severe
phenotype only when it is present in a compound heterozygous
state with another mutant allele (T. Bienvenu, J. Lepercq, J. P.
Allard, D. Hubert, C. Francoval, C. Beldjord, and J. C. Kaplan,
Letter, Ann. Genet. 41:63-64, 1998).

The AF508 CFTR mutation is by far the most common
mutant allele, accounting for some 70% of all mutant CFTR
alleles. This mutation is a deletion of CTT, containing the third
nucleotide of the ATC codon for isoleucine at position 507 and
the first two TT nucleotides of the TTT codon for phenylala-
nine at position 508 within the first NBD. The wild-type ATC
codon becomes ATT, which also codes for isoleucine, and the
normal coding sequence of a GGT codon for glycine at posi-
tion 509 remains intact. Cellular localization experiments and
CFTR glycosylation experiments have demonstrated that in
many cell lines the AF508 mutant CFTR protein does not
traffic to the Golgi network (335), a requirement for mem-
brane expression. More recently, it has been shown that the
AF508 CFTR protein is mostly retained in the endoplasmic
reticulum but slowly leaks to the endoplasmic reticulum-Golgi
intermediate compartment (107). This incompletely processed
AF508 CFTR protein is eventually degraded intracellularly.
Ward et al. showed that ubiquitin-AF508 CFTR conjugates
accumulate in cells when proteosomes are inhibited (333),
suggesting that degradation of AF508 mutant CFTR protein
proceeds at least partially through a ubiquinated intermediate.
Consistent with these results is the observation that AF508
CFTR is found in extremely small quantities at the apical
plasma membrane of cultured cells (335). The low level of
membrane expression of CFTR in AF508-homozygous cells
results in low or unmeasurable chloride ion conductance (338).
This reduced ion conductance is probably responsible, at least
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in part, for the abnormal composition of epithelial secretions
in CF patients. Processing defects similar to those described
for AF508 CFTR have been noted in mutant CFTR alleles
containing missense mutations in the third cytoplasmic loop (in
the second membrane-spanning domain). These missense mu-
tants migrate faster than wild-type CFTR in polyacrylamide
gels, demonstrate sensitivity to the enzyme endoglycosidase H
(suggesting incomplete processing of N-linked carbohydrates),
and have chloride channel activity suggesting alterations in
their “open probability” (287).

Countering these observations is that of Kalin et al. (142),
who used a panel of monoclonal and polyclonal antibodies to
CFTR to localize the expression of the AF508 CFTR protein in
tissues from CF patients. They found a tissue-specific variation
in membrane expression of AF508 CFTR ranging from none to
levels commensurate with those of wild-type CFTR. Notably,
they reported that the expression levels of the AF508 CFTR
protein equaled that of wild-type CFTR expression in intesti-
nal and respiratory tract tissue sections, the two tissues primar-
ily affected in CF patients. Thus, membrane expression of
AF508 CFTR may be normal, implicating aberrant protein
function as the cardinal feature leading to disease. Smith et al.
(303) showed that there was no chloride conductance activity
in airway tissues from AF508 CF patients, consistent with a loss
of CFTR function in these patients. On the other hand, En-
gelhardt et al. (87) reported that the submucosal glands are the
site in the respiratory tract where CFTR is prominently ex-
pressed, and they could not detect any CFTR protein in pa-
tients with the AF508 CFTR allele. At this point the debate
over whether the major problem with the AF508 CFTR protein
is in its expression or function is not resolved.

Interestingly, recombinant expression of AF508 CFTR in
either insect cells or frog oocytes resulted in levels of mutant
CFTR protein in the plasma membrane similar to wild-type
levels (71). This observation led Denning et al. to conclude that
the AF508 mutation encodes a temperature-sensitive protein
(xenopus oocytes and insect Sf9 cells are routinely cultured at
room temperature). They also identified a second defect in
AF508 CFTR: AF508-homozygous cells grown extensively at
reduced temperatures did not recover a level of ion conduc-
tance commensurate with the increase observed in normally
processed CFTR protein (71). Thus, in these studies, the
AF508 CFTR exhibited a defect in chloride ion conductance.
While wild-type CFTR protein has a probability of 0.34 of
being in the open state, AF508 CFTR protein has an open
probability of only 0.13. Therefore, the AF508 mutation affects
CFTR by at least two distinct mechanisms, reducing the levels
of protein reaching the plasma membrane and diminishing the
ion channel activity of the CFTR protein that does reach the
cell surface.

Epidemiology of CF and CFTR Mutations and
Possible Advantages for Heterozygotes

The AF508 allele of CFTR is extremely common in certain
populations; it is estimated to be carried at a frequency of 2 to
5% in Caucasians of European descent. Although the AF508
allele accounts for 70% of all mutant CFTR alleles, there is
considerable regional variation, from as low as 27% of CF
alleles in Turkey (131) to nearly 87% of CF alleles in Denmark

6002 ‘8 JaqWIBAON UO Ag B10°WSe WD Woly papeojumod


http://cmr.asm.org

VoL. 15, 2002

(283). Data obtained in a multicenter epidemiological study of
CF show that as of 1998, approximately 50% of genotyped CF
patients were homozygous for the AF508 mutation while an
additional 25% were compound heterozygotes in whom one
CFTR allele contained the F508 deletion (50). Cystic fibrosis
occurs in males and females with approximately equal frequen-
cies, although clinically male patients have slightly better
health than do female patients (70). Although the prevalence
of the CF mutation was originally theorized to be due to
genetic drift (347) and was somewhat later theorized to result
from a single genetic event (88), we now know that in addition
to the genetic event that produced the predominant mutant
CFTR allele, AF508, the more than 1,000 other mutant alleles
have arisen as independent events (351). The high frequency of
the AF508 allele of CFTR in specific populations suggests that
selective pressure has been operative, perhaps due to hetero-
zygote advantage. Studies aimed at discovering such an advan-
tage have focused primarily on examination of physiological
functions that are usually impaired in clinical CF: pulmonary
function, intestinal absorption, and reproductive function. Re-
sults obtained from such studies have so far failed to uncover
a consistent interpretation favoring the heterozygote advan-
tage theory. Examination of pulmonary function among CFTR
wild-type carriers and AF508 CFTR heterozygotes has, in one
study, suggested that the latter are protected against asthma
(276). However, these results have been refuted by others
(195).

Early suggestions of increased fertility secondary to de-
creased fetal loss, along with a greater proportion of male
births among CF heterozygotes, were not confirmed when re-
sults were analyzed after ascertaining the true parentage of
affected offspring used to identify obligate carriers (139). Oth-
ers have reported no overall increased fecundity in AF508
CFTR heterozygotes but have found that smoking was a po-
tential modifier, with nonsmoking heterozygous parents show-
ing increased family size and smoking heterozygous parents
having decreased family size (63).

Another major hypothesis posits that mutations that reduce
CFTR production or activity confer protection against a po-
tentially fatal infection, including suggestions that individuals
heterozygous for CFTR mutations are resistant to influenza
(293), tuberculosis (143), cholera (102), and typhoid fever
(233). The proposals for influenza and tuberculosis resistance
were speculative hypotheses lacking experimental data. Al-
though Gabriel et al. (102) found evidence for decreased fluid
secretion in the intestinal lumen of heterozygous transgenic CF
mice challenged with cholera toxin, Cuthbert et al. (60) could
not confirm this finding. Cholera is unlikely to have been the
selective factor, since Vibrio cholerae did not enter Europe, the
site of concentration of mutant CFTR alleles, until 1832 during
the second pandemic. It has been proposed that in order for
the AF508 allele to reach its current level of occurrence, over
two-thirds of Europeans of reproductive age would have had to
die from cholera between 1832 and 1900, when public health
measures bought the disease under control (20). Clearly, this
disaster did not happen. However, other diarrheal toxins such
as Escherichia coli labile toxin, could have been a factor in a
heterozygous advantage for CF predicated on resistance to
diarrheal disease.

Research evaluating the potential role of typhoid fever as
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FIG. 5. Correlation in 11 European countries of prevalence of the
AF508 CFTR allele with the incidence of S. enterica serovar Typhi
infection 23 years earlier.

selection for a heterozygous advantage in CF was based on the
finding that the CFTR protein serves as a receptor for gastro-
intestinal epithelial cell internalization and submucosal trans-
location of Salmonella enterica serovar Typhi. Since typhoid
fever is life-threatening and typically affects individuals aged 3
to 19 years (136), resistance to this disease would probably
confer a reproductive advantage. Pier et al. (233) demon-
strated that the efficiency with which serovar Typhi invades
intestinal epithelium is directly related to the amount of avail-
able CFTR protein on the epithelial surface. Thus, the level of
bacterial invasion into AF508-heterozygous epithelium is 80%
lower than the level of invasion observed with wild-type epi-
thelium, probably owing to the lower level of CFTR expressed
on AF508-heterozygous epithelia (233). In an effort to apply
this model on a population scale, we examined the correlation
between the incidence of serovar Typhi infection in several
European countries (46) and the prevalence of the AF508
CFTR allele in the same geographic location one or two gen-
erations later (see reference 326 and references therein). The
hypothesis driving this comparison was that outbreaks of sero-
var Typhi infection can serve as a selective pressure favoring
maintenance of the AF508 CFTR allele. The results of this
comparison are shown in Fig. 5 and suggest that a positive
correlation may, in fact, exist. Note that the AF508 genotype
data used in this correlation indicate the percentage of mutant
CFTR alleles that are AF508 and that the genotype data rep-
resent the allele frequencies approximately 23 years after the
reported incidence of serovar Typhi infection. It must be
stressed that this comparison reflects the selective pressure
applied by only one factor (serovar Typhi infection) over a
time frame (3 years) which is very brief in evolutionary terms.
However, given the potential relationship between serovar
Typhi infection and the occurrence of the AF508 CFTR allele
(233), the results of this comparison are provocative.

Besides the AF508 deletion, several other mutations have
been characterized which also affect CFTR in the vicinity of
phenylalanine 508, suggesting that this region of the CFTR
gene is a mutational hot spot. Examples of these mutations are
AI506, AI507, 1506V, and F508C. While deletions in this re-
gion of the protein (i.e., deletions at amino acid 506, 507, or
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508) result in an extremely severe disease phenotype (204,
335), missense mutations, such as I506V and F508C, are be-
nign (157). This is consistent with the view that the severe
phenotype resulting from a deletion of phenylalanine 508 is the
result of a perturbation in the amino acid spacing of the pro-
tein, probably leading to misfolding of the protein and im-
proper trafficking and maturation. Identification of these other
mutations near phenylalanine 508 was hindered by two factors.
The first was the mild phenotype associated with missense
mutations such as 1506V. Second, analytic methods such as
restriction fragment length polymorphism were not able to
distinguish between in-frame deletions such as AI5S06 and the
far more common AF508 allele. Therefore, the presence of
these other in-frame deletions was not realized until more
sensitive genetic techniques were developed.

MICROBIOLOGIC ASPECTS OF CYSTIC FIBROSIS
LUNG INFECTION

Recovery and Distribution of Microbial
Pathogens among CF Patients

In the healthy respiratory system, the upper respiratory tract
is colonized by a wide variety of microorganisms comprising
the normal flora while the lower respiratory tract is maintained
in a sterile state by the various innate defenses of the host.
These defenses consist of physical barriers and endocytic/
phagocytic barriers. Failure of any of these innate defenses
results in susceptibility to pulmonary infection. Young CF pa-
tients, particularly before the onset of P. aeruginosa infection,
are usually unable to expectorate sputum derived from secre-
tions in their lower respiratory tract, and therefore oropharyn-
geal cultures (i.e., upper respiratory tract secretions) are usu-
ally performed to detect pathogens. However, such samples
are often referred to as sputum cultures and any pathogens
detected are said to be isolated from the sputum. In reality,
these cultures detect organisms, including potentially patho-
genic ones, present in the throat and not necessarily in the lungs.

Over the past decade, several studies have shown that there
can be important differences related to the detection of CF
pathogens in the lower airway when comparing results from
deep throat cultures with those obtained using BAL fluid,
particularly in young CF patients. Ramsey et al. (250) found, in
nonexpectorating CF patients in optimal respiratory status, a
high positive predictive value of oropharyngeal cultures for the
presence of P. aeruginosa and S. aureus in the lower airway,
which was determined by BAL cultures, but a poor negative
predictive value; 46% of younger, nonexpectorating patients
had P. aeruginosa in their BAL fluid but a negative throat
culture. Similarly, 21% had Klebsiella spp. in their BAL fluid
but not the oropharyngeal culture. Ironically, the same group
later reported opposite findings (41): a high negative predictive
value of the oropharyngeal cultures for presence of organisms
in the lower airway, particularly if two sequential cultures were
considered (85% for one culture, 97% for two), and a lower
positive predictive value (69% for one, 83% for two). Similarly,
for CF patients younger than 5 years, Rosenfeld et al. (261)
reported a better (95%) negative predictive value of oropha-
ryngeal cultures lacking detectable P. aeruginosa for ruling out
the presence of this organism in the lower airway but a low
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(44%) positive predictive value for detecting its presence in
BAL fluid. Armstrong et al. (11) obtained a similar result in CF
infants diagnosed via a neonatal screening program, with oro-
pharyngeal cultures having a high (97%) negative predictive
value for CF pathogens (S. aureus, P. aeruginosa, and H. influ-
enzae) but poor positive predictive value (41%). Thus, some
data indicate that CF pathogens can be present in the lower
airway, but not reliably detected by throat culture, while other
data, mostly from patients younger than 5 years, suggest that
positive throat cultures are not necessarily indicative of patho-
gens in the lungs. One important caveat is that BAL fluid
samples are obtained from only a small portion of the lung,
leaving the possibility that pathogens might be present in parts
of the lung not sampled by lavage. Therefore, it seems that the
positive findings of Ramsey et al. (247), which showed detec-
tion of pathogens in the BAL at a high rate, may be more
convincing than the negative findings of the other groups.
Newer techniques such as fluorescent in situ hybridization
(127) analysis of clinical specimens from CF patients may im-
prove on the specificity and sensitivity of the detection of CF
pathogens.

S. aureus, H. influenzae, and CF

Many of the organisms that are isolated from CF sputum are
pathogens that often benignly colonize the upper respiratory
tract (e.g., nontypeable H. influenzae) or the nose (e.g., S.
aureus) or are common environmental organisms that behave
as pathogens only under certain opportunistic situations (e.g.,
P. aeruginosa). Data collected in a 1998 multicenter study of
CF patients showed that P. aeruginosa, S. aureus, and H. influ-
enzae could be cultured from the sputum or respiratory tract
secretions of 61, 47, and 16% of tested CF patients, respec-
tively (61). A major problem inherent in understanding micro-
bial aspects of CF lung infection is whether the presence of a
potentially pathogenic organism in sputa or upper (not lower)
respiratory tract secretions is indicative of a pathologic situa-
tion. The problems noted above regarding the predictive val-
ues of oropharyngeal cultures for the presence of pathogens in
the lower airway bear directly on this issue. Data related to the
pathogenic potential of nontypable H. influenzae are virtually
nonexistent, yet many clinicians regard the possibility of this
organism colonizing the lung as significant enough to warrant
therapy.

More problematic is the definition of the contribution to CF
lung disease of S. aureus. This organism is usually cultured only
from the nose of healthy individuals, not the throat or respi-
ratory secretions, yet it is often considered to be among the
first pathogenic organisms when isolated from the CF respira-
tory tract (6), usually by throat culture. Clearly the presence of
S. aureus in the lower respiratory tract is representative of a
pathologic situation, but the degree of pathology associated
with its presence in the lungs has never been adequately as-
sessed in CF patients. Ulrich et al. (328) located S. aureus in
the lungs of three infected CF patients, and this microorgan-
ism, like P. aeruginosa, was found predominately in the mucus
of obstructed airways. This finding is clearly indicative of a
pathologic situation. What is not entirely clear is the propor-
tion of CF patients with S. aureus in their lower airway causing
frank disease. One likely reason why this has not been ade-
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quately determined had been the routine use of anti-staphylo-
coccal antibiotics in this patient population, potentially pre-
venting the progression of S. aureus infection to a highly
pathologic state that could be readily identified clinically.

Nonetheless, attempts have been made to evaluate the effi-
cacy of routine or intermittent use of antistaphylococcal anti-
biotics in CF patients. McCaffery et al. (191) identified 13
clinical trials of antistaphylococcal antibiotic trials in CF pa-
tients. These trials used 19 different antibiotics and a variety of
clinical and laboratory outcomes and involved both intermit-
tent and continuous administration of antibiotics. While spu-
tum clearance of S. aureus was achieved in most studies, none
documented a positive effect on pulmonary function or other
clinical outcome. On the contrary, a recent study of 3,219 CF
patients in the European Registry of Cystic Fibrosis demon-
strated that continuous antistaphylococcal prophylaxis in-
creases the rate at which patients’ sputum cultures converted
from P. aeruginosa negative to P. aeruginosa positive (251).
The patients who were monitored in this ~3-year study were
categorized both according to their age and according to
whether they received continuous (200 or more days per year),
intermittent (only during acute exacerbations), or no anti-
staphylococcal therapy. The results of this study showed that
P. aeruginosa acquisition in the group receiving continuous
antistaphylococcal therapy was significantly higher than in the
those receiving no or only intermittent therapy. This difference
was most significant in the 0- to-6-year age group and was not
significant in the > 12-year age group. Importantly, monitoring
of the lung function (forced expiratory volume in 1 s [FEV1],
a measure of small airway colonization) and body mass index
of the same patients showed no significant differences between
the three antibiotic treatment groups during this same period,
suggesting that differences observed in P. aeruginosa acquisi-
tion were not simply a function of the patients’ general health
(although Ratjen et al. do not completely disregard this pos-
sibility [251]). This report bolsters previous work that had been
published only in abstract form (H. R. Stutman, Abstract,
Pediatr. Pulmonol. Suppl. 13:542, 1994). Thus, while there is a
consensus among clinicians about a beneficial effect from treat-
ment of staphylococci associated with clearance of the organ-
ism from the sputum, there are no data indicating that this
treatment leads to improved lung function or other clinical
benefit. Indeed, several studies have shown that the presence
of S. aureus and the absence of P. aeruginosa predicts long-
term survival in CF patients after the age of 18 years (129, 130).
In addition, the potential for increasing P. aeruginosa coloni-
zation as a consequence of suppression of S. aureus infection
should not be overlooked.

Thus, most of the data implicating a pathogenic role for S.
aureus in development of CF lung disease comes from histor-
ical findings, reasonable speculation, and the fact that the
presence of S. aureus in the lower airway is judged to be
clinically important and in need of antibiotic therapy. It has
been suggested (112) that early infection “primes” the CF
airway for later infections by P. aeruginosa. Whether there is
indeed a progression from S. aureus to P. aeruginosa infection
is questioned by the study of Burns et al. (41), who found
evidence by culture and serologic testing for a 97.5% P. aerugi-
nosa infection rate in CF children by the age of 3 years. Cer-
tainly, before the advent of antibiotic therapy, S. aureus was

LUNG INFECTIONS IN CYSTIC FIBROSIS 205

TABLE 3. Antimicrobial susceptibility rates of P. aeruginosa
isolated from intensive care units in 1990 to 1993“

% of isolates that

Antimicrobial agent(s) were susceptible

AMIKACIN...vvieiievciiieiecceteee ettt an s as 89
Tobramycin 93
GENEAMICII .uvevevciiieniteeeicteeet ettt ettt ettt se e e s 65
Piperacillin 90
MEZIOCHIN ..ottt eae e aens 78
Ticarcillin 86
IMIPENEM....uiiiiiiiii s 87
Ciprofloxacin 89
CeftazidiME c.vouveeeeeeieeeiieieeeee et nens 86
Ceftriaxone 23
CEEOLAXIIMIE ©ouvevveviereiereerenieeeeesesteeee s eeesesseseseesesaeseesessesseseesensans 16
Aztreonam 77
Ticarcillin-clavulanate ........c.oeeoevreecrenecnnineereeeeseee e 87
Ampicillin-sulbactam 2

“ Reprinted from reference 242 with permission of the publisher.

regarded as the chief infectious agent in CF patients, although
it was not clear if this situation was due to a primary defect in
the innate immune system of the lungs or was secondary to
another aspect of CF, such as malnutrition (339). However,
since antibiotic therapy has been extensively used to treat S.
aureus in CF patients, recent data indicating a primary role for
S. aureus in pathogenesis of CF lung disease are lacking. The
common use of antistaphylococcal therapy for CF patients in
many parts of the world has raised questions about whether
such prophylactic treatment enhances susceptibility to infec-
tion by other agents such as H. influenzae and P. aeruginosa (15,
105), as suggested in the clinical trial discussed above. Inter-
estingly, chronic colonization of CF airways by P. aeruginosa is
reduced in regions where antistaphylococcal therapy is admin-
istered strictly on an as needed basis, rather than prophylacti-
cally (111). Thus, at the moment it is clear that conclusions
supporting a pathogenic role for S. aureus in CF lung disease
come from clinical observations, principally the judgment that
oropharyngeal cultures positive for S. aureus might also indi-
cate its presence in the lower airway. Definitive studies show-
ing a positive effect from treating S. aureus when isolated in
oropharyngeal cultures obtained from CF patients’ clinical
specimens are lacking.

Role of Inflammation and P. aeruginosa Infection

Chronic P. aeruginosa airway infection and the accompany-
ing inflammatory response are clearly the major clinical prob-
lems for CF patients today. While antibiotic chemotherapy and
chemoprophylaxis have reduced the morbidity and early mor-
tality of CF patients from this infection, the intrinsic ability of
P. aeruginosa to develop resistance to many commonly used
antibiotics (36, 65, 156, 256) probably underlies the inability to
eradicate P. aeruginosa from the CF patient’s lung and ulti-
mately allows this microbe to be highly problematic for these
patients (Table 3). During the past decade, the prominent
contribution of inflammation to tissue destruction and loss of
function has been borne out in numerous studies (reviewed in
reference 159) and anti-inflammatory therapies have been
shown to produce clinical improvement in infected patients
(85, 160), albeit with worrisome side effects regarding long-
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term treatment. Several studies have suggested that inflamma-
tion and bacterial infection can begin at an early age, before
pronounced symptoms appear. Therefore, there is consider-
able interest in determining the contribution of early infection
and inflammation to the progression of CF lung disease.

Early aspects of inflammation. Several groups have demon-
strated airway inflammation in infants with CF, but the recent
study by Burns et al. (41) suggests that most of this inflamma-
tion is a result of prior or concurrent P. aeruginosa infection.
Kirchner et al. (150) showed increased amounts of DNA and
neutrophils in BAL fluid obtained from infants and young
children with CF compared with non-CF controls. Birrer et al.
studied 27 children with CF, including 4 who were younger
than 1 year, all of whom had BAL cultures positive for typical
CF pathogens. Despite the presence of normal amounts of the
antiproteases o -antitrypsin and secretory leukoprotease in-
hibitor, 20 of the 27 children, including 2 of the 4 infants, had
active neutrophil elastase in the BAL fluid (24). Thus, a pro-
tease-antiprotease imbalance appears early in life for CF pa-
tients, potentially contributing to lung damage. A study by
Konstan et al. (161) of BAL fluid from 18 CF patients with
clinically mild disease again demonstrated abundant active
neutrophil elastase, even in the presence of threefold elevated
levels of «,-antitrypsin. More striking are the findings of Khan
et al. (148), who studied BAL fluid samples from 16 infants
with CF with a mean age younger than 6 months. Despite the
young age of the patients and the absence in seven patients of
pathogenic bacteria detectable in BAL fluid cultures (which
may miss sampling the part of the lung where pathogens are
present), the infants had increased numbers of neutrophils, as
well as elevated levels of neutrophil elastase, a,-antiprotease,
and the proinflammatory cytokine interleukin-8 (IL-8). Inter-
estingly, Freedman et al. recently reported that the infiltration
of neutrophils into the airways of transgenic CF knockout mice
was substantially reduced when the mice were orally given the
fatty acid DHA (96), which appears to be deficient in the
phospholipids of CFTR-knockout mice (97).

The report of elevated levels of inflammatory mediators in
CF lungs in which no pathogen could be detected challenged
the traditional view that the CF lung is initially normal but
becomes progressively damaged by acquired bacterial infection
and resultant inflammation. Researchers have begun investi-
gating the possibility that the increase in inflammatory medi-
ators seen in the lungs of CF patients derives from an intrinsic
property of the epithelium itself, perhaps an exaggerated in-
flammatory response to early pathogens such as S. aureus that
are cleared or are undetectable by culture. Bonfield et al. (26)
isolated bronchial epithelial cells from healthy control subjects
and from patients with CF and measured the amounts of the
secreted anti-inflammatory cytokine IL-10, as well as those of
the proinflammatory cytokines IL-8 and IL-6. Cells from nor-
mal patients secreted I1L-10 but no detectable IL-6 or IL-8,
whereas cells from CF patients did not secrete IL-10 but pro-
duced both IL-6 and IL-8. DiMango et al. (76) had demon-
strated earlier that multiple gene products of P. aeruginosa
stimulated respiratory epithelial cells to secrete IL-8 and that
for a given stimulus, CF cells produced four times the amount
of IL-8 than that produced by a genetically complemented
control cell line. This response is linked to greater amounts of
nuclear (activated) NF-kB in CF respiratory epithelial cells
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compared to isogenic control cells that had been genetically
complemented with episomal copies of normal CFTR (75). If it
is true that lung disease in CF begins before any pathogen
actually infects the lower airway, then the importance of early
detection of CF through neonatal screening is underscored,
since early detection allows early intervention. Current screen-
ing tests are based on the elevated levels of plasma trypsinogen
found in most newborns with CF.

Initiation and establishment of P. aeruginosa infection. The
ubiquity of P. aeruginosa (109, 115) in the environment prob-
ably underlies the high frequency of recovery of this pathogen
from CF patients. The role of P. aeruginosa in human disease
is usually opportunistic. Approximately 6 to 20% of CF pa-
tients carry P. aeruginosa in their gastrointestinal tracts asymp-
tomatically (306) and without mounting a significant immune
response to the organism. CF patients can acquire P. aerugi-
nosa in their respiratory tracts at any time, with most studies
indicating that 70 to 80% CF patients are infected by their teen
years. As noted above (41), P. aeruginosa infection probably
initially occurs within the first 3 years of life. After the onset of
chronic infection, patients experience episodic exacerbations
requiring antibiotic chemotherapy. Infection may result from
social contacts or may be hospital acquired, but the diversity of
P. aeruginosa clones isolated from CF patients suggests that
most clinical isolates originate in the environment (41, 305).

The abnormal composition of the airway secretions of the
CF lung is frequently cited as the host factor that predisposes
CF patients to chronic colonization by P. aeruginosa. CF airway
secretions may contain abnormal chloride concentrations as a
result of defective CFTR Cl~ channel function (48, 344).
While the actual chloride concentration in the CF lung remains
the subject of intense debate, it has been proposed that alter-
ations in ionic strength could derail the functions of several
host defense mechanisms. One such mechanism is the phago-
cytic barrier created by macrophages and neutrophils. The
results of Tager et al. (319) suggest that the neutrophils of CF
patients are defective in phagocytic killing in the presence of
elevated chloride concentrations. Moreover, the rate of neu-
trophil apoptosis was reported to be higher in the CF airway
than in normal airways. In addition to their phagocytic func-
tions, neutrophils are a primary producer of antimicrobial pep-
tides, which play an important role in innate host defense. If
abnormal, the composition of CF airway secretions may ad-
versely affect the action of antimicrobial peptides, since anti-
microbial peptide function is often sensitive to ionic strength
(13, 110, 301). Although a more recent study by Brogden et al.
(34) showed that the quantity of antimicrobial peptides in CF
airways is reduced relative to the levels found in the normal
airway, these workers examined anionic peptides, whereas salt
sensitivity is found primary with cationic peptides. Other work-
ers (190) have disputed the importance of antimicrobial pep-
tides in innate defense of the lung, finding that there is no
difference in salt concentration when normal and CF airway
surface liquids are compared. Travis et al. (324), who originally
proposed that antimicrobial peptides may be inhibited in the
lungs of CF patients, have more recently reported that ly-
sozyme and lactoferrin are the most abundant airway antimi-
crobial factors. Although they found that some of the factors
were inhibited by high ionic strength, nonionic osmolytes were
without effect and inhibitory conditions of ionic strength could
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be compensated for by increased levels of the antimicrobial
factors. A major problem with evaluating the contribution of
antimicrobial peptides to the hypersusceptibility of CF patients
to lung infection is the complexity of the antimicrobial peptides
in the lung (325) and their multiple functions, including func-
tioning as chemoattractants. Overall, the validity of the obser-
vations that suggest compromise in antimicrobial activity of
airway surfaces in CF patients has not been robustly supported.

The most prominent of the innate defenses of the airway is
the mucociliary action of the airway epithelium. This clearance
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FIG. 6. (A) Comparison of mucociliary clearance in the normal
airway and the CF airway. The normal airway epithelium is covered
with a biphasic mucus layer consisting of a viscous upper layer and a
more fluid lower (periciliary) layer. Concerted beating of epithelial cell
cilia causes the mucus to flow unidirectionally toward the esophagus,
carrying with it any microorganisms which become trapped in the
mucus. In the CF airway, alterations in either mucus secretion, mucus
reabsorption, or both cause the mucus layer to become uniformly
viscous, such that beating of the epithelial cilia is no longer sufficient to
propel the mucus toward the esophagus. Bacteria can therefore persist
in the airway. Defects in the CFTR protein can also increase the
adhesion of P. aeruginosa to the airway epithelium. (B) CFTR-depen-
dent internalization of P. aeruginosa causes apoptosis and desquama-
tion of bacteria-laden epithelial cells. In the normal airway, these
apoptotic cells and the bacteria they contain are probably removed
from the airway via the mucociliary escalator. In the CF airway, this
clearance mechanism does not function normally due to inefficient
internalization of bacteria stemming from a lack of CFTR protein. It
is possible that apoptotic bodies derived from desquamated epithelial
cells are later phagocytosed by dendritic cells for subsequent process-
ing and presentation of bacterial antigens to T lymphocytes.

mechanism relies on the concerted action of two anatomic
features: (i) the ciliated apical surface of the airway epithelium
and (ii) a mucus layer that lines the airway lumen. The airway
cilia beat synchronously, creating a steady current that contin-
ually moves the mucus layer upward toward the nasopharynx.
The mucus layer is biphasic, consisting of an upper, viscous
layer that serves to trap particulates and microorganisms and a
lower, more fluid layer in which the cilia beat. When function-
ing normally, this clearance system traps foreign bodies in the
mucus and subsequently carries them to the nasopharynx,
where they are expectorated and swallowed. While the effect of
CFTR mutation on this clearance mechanism is not entirely
understood, several possible models can be constructed based
on existing observations (Fig. 6A). One possibility is that the
abnormal secretory characteristics of the CF airway cells alter
the viscosity of the airway fluid, such that the normally serous
“periciliary” layer becomes thicker, inhibiting escalator action.
Indeed, stimulus-evoked mucus secretion by CF airways is im-
paired relative to that by normal airway epithelium (86, 259).
Alternatively, the abnormal mucus composition of the CF air-
way could be a result of defects in mucus clearance (342)
rather than mucus production.
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Another mechanism by which CFTR mutations could inhibit
mucociliary clearance is by increasing bacterial adherence to
the airway epithelial cells (Fig. 6A). The results of Prince and
coworkers have shown that intracellular retention of CFTR R
domains in an engineered cell line overexpressing these do-
mains leads to alterations in the degree of sialylation of epi-
thelial cell glycolipids (37). Similar findings have been reported
when cultured nasal epithelial cells from CF and non-CF pa-
tients were compared (265). These alterations result in higher
membrane levels of the ganglioside asialo-GM,, an epithelial
cell receptor that has been reported to bind P. aeruginosa via
bacterial pili (57, 69, 118, 265). However, a recent report in-
dicates that no increased expression of asialo-GM, was de-
tected in cells overexpressing the R domain portion of CFTR
if an asialo-GM;-specific lectin was used for detection (165).
Moreover, these studies have been carried out principally using
laboratory strains of P. aeruginosa and not clinical isolates from
patients. Schroeder et al. (278) recently reported that asialo-
GM, is not a major target for binding of clinical isolates of P.
aeruginosa to eukaryotic cells. Interestingly, the crystal struc-
ture of the P. aeruginosa strain PAK pilus has recently been
reported (121), and these investigators have found that a steri-
cally plausible model based on the distribution of buried and
exposed surfaces leaves the C-terminal end of the pilus, re-
ported to bind to aisalo-GM,; (172), internally buried in the
molecule and thus poorly positioned for multivalent binding to
asialo-GM;. In addition, high-affinity binding of lectins, such as
pili, to carbohydrate receptors would require that multiple
binding sites be available at the pilus tip, which could not be
seen with the derived pilus structure. Thus, the crystal struc-
ture of the P. aeruginosa PAK pilus is not consistent with a role
in binding to asialo-GM, or similar residues with the appro-
priate disaccharide residue.

While many of the above theories are plausible explanations
for deficiencies in the innate defense of the CF lung and are all
based on reproducible findings, these models fail to explain
why infection in CF lungs is typically established by such a
restricted subset of microorganisms and why P. aeruginosa pre-
dominates. It stands to reason that defects in such generic
clearance mechanisms as mucociliary clearance or antibacte-
rial peptides should lead to frequent infection by a very broad
array of microorganisms. Nevertheless, only relatively few or-
ganisms typically cause disease in CF patients. A novel concept
of host susceptibility recently emerged from the finding that
the CFTR protein, besides fulfilling its function as a chloride
ion channel and regulator of other ion channels, also serves as
a receptor for epithelial cell internalization of P. aeruginosa on
the airway surface (234, 235). Interaction of P. aeruginosa with
the CFTR protein was found to be a critical step in a process
leading to bacterial internalization by the airway epithelium.
Prevention of this interaction by coinoculation of live P. aerugi-
nosa bacteria and the purified bacterial ligand, complete outer
core oligosaccharide derived from the lipopolysaccharide
(LPS), led to reduced bacterial uptake by airway epithelium
and to an increased bacterial burden in the airways of mice
(235). A peptide composed of amino acids 108 to 117 of
CFTR, identified as the portion of this molecule that binds to
P. aeruginosa, achieved the same result in mice when coinocu-
lated with a P. aeruginosa challenge; that is, prevention of
epithelial cell uptake led to decreased bacterial clearance and
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increased bacterial burdens in the lungs (234). Transgenic CF
mice in a variety of genetic backgrounds have recently been
found to have reduced lung cell internalization of P. aeruginosa
and increased bacterial burdens 4.5 h after an intranasal or
intratracheal inoculation (277). Therefore, in the normal,
healthy lung, epithelial cell uptake of P. aeruginosa by airway
epithelial cells may be a critical factor in innate host immunity
to this pathogen. Current unpublished data suggest that these
binding and internalization events initiate cellular pathways
that lead to apoptosis, which may serve as a mechanism of
removing the bacteria-laden epithelial cells from the airway
surface such that they can be expectorated and swallowed.
Alternatively, apoptotic bodies derived from these bacteria-
laden epithelial cells may be phagocytosed by dendritic cells (2,
262-264), leading to presentation of bacterial antigens to T
cells (Fig. 6B).

Another contributing factor was recently identified by Park
et al. (216), who found that P. aeruginosa could exploit the
shedding of the airway epithelial cell surface heparan sulfate
proteoglycan (HSPG) known as syndecan-1 to resist innate
host defenses. Four mammalian syndecans are currently
known, with syndecan-1 being the most abundant in the airway.
The syndecans are one of the major sources of cell surface
heparan sulfate (HS). The extracellular domain of the HSPGs
can be shed from the cell surface and released in a soluble
form known as an ectodomain, which contains HS attached to
a core protein. Previously, these workers showed that the P.
aeruginosa elastase encoded by the lasA gene induced shedding
of the syndecan-1 ectodomain (217) from cell surfaces. Sur-
prisingly, syndecan-1 knockout mice were more resistant than
wild-type controls to P. aeruginosa lung infection but became
as susceptible as wild-type mice to infection when shed synde-
can-1 ectodomains or HS, but not the ectodomain core pro-
tein, were added to infectious inocula. These workers postu-
lated that the HS portion of the shed syndecan-1 ectodomains
could interfere with a variety of molecular mediators of innate
defenses by binding to them and inactivating them, including
cationic antimicrobial peptides, neutrophil elastase, cathepsin
G, chemokines, and surfactant proteins A to D (217). The
surfactant proteins play a role in the pathogenesis of experi-
mental P. aeruginosa lung infection (173), and HSPGs bind to
chemokines and modulate receptor binding and cellular re-
sponses (167). Since shedding of syndecan-1 ectodomains is
probably an early event in the interaction of P. aeruginosa and
the respiratory epithelium, augmentation and exploitation and
of this process by P. aeruginosa could compromise innate im-
mune mechanisms and contribute to establishment of infec-
tion.

Emergence of the mucoid phenotype. One of the most strik-
ing and clinically important features of infection by P. aerugi-
nosa is the tendency of this bacterium to change to a mucoid
phenotype, probably initiating the chronic-infection stage of
the disease. The mucoid phenotype results from bacterial pro-
duction of a polysaccharide known as both alginate and mu-
coid exopolysaccharide (MEP) and plays an important role in
bacterial evasion of the host immune response. Alginate over-
production by P. aeruginosa isolated from the respiratory tracts
of CF patients was first noted by Doggett et al. (79). Later,
Lam et al. (168) described a fibrous, polyanionic matrix sur-
rounding bacterial cells in alveolar P. aeruginosa microcolonies
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during postmortem examination of lungs from CF patients.
The structure of alginate was later reported to be an acetylated
random copolymer of mannuronic acid and guluronic acid
(292), with the degree of acetylation varying widely among
alginate samples purified from different P. aeruginosa isolates
(241).

The mucoid phenotype is often unstable, with a large per-
centage of isolates reverting to a nonmucoid phenotype during
in vitro culture (241). This instability has been genetically
mapped to changes in the gene known as mucA (27). Produc-
tion of MucA protein inhibits the activity of the alternative
sigma factor (sigma E), which is required for the mucoid phe-
notype. Mutations in the mucA gene leading to a premature
termination of the coding sequence are found in mucoid iso-
lates. The most common mutation is referred to as the mucA22
allele (280); nonmucoid isolates have a functional mucA gene.

The overall genetic regulation of alginate production has
been a major focus of investigation in recent years. That the
mucoid phenotype is controlled by a chromosomal genetic
locus was first demonstrated in the early 1980s (101, 212).
Initial attempts at cloning the genetic locus (loci) controlling
MEP/alginate production were frustrated by the inherent in-
stability of the mucoid phenotype. The creation of the mucoid-
lock mutant strain 8830 allowed plasmid complementation
studies in which libraries obtained from strain 8830 were trans-
formed into mucoid-deficient mutants (64). The result of these
experiments was the cloning of a minimally-essential genetic
element of 6.2 kb that contained all of the genes necessary for
MEP/alginate production.

Expression of the genes in the alginate biosynthetic operon
is controlled by transcriptional regulation. The first gene is
algD, which encodes a protein with GDP-mannose dehydroge-
nase activity. Transcription of the alginate biosynthetic locus is
under control of a complex, multitier regulatory mechanism
(Fig. 7) involving both constitutive (163) and inducible (72,
346) gene products. As noted above, the inducible arm of algD
regulation relies in large part on the Sigma E product encoded
by the algU gene (74, 281). The algU gene, also called algT,
positively regulates both its own transcription (74, 186), as well
as that of the transcription factors AlgB and AlgR (186, 346).
The negative control of AlgU function by the antisigma factors
MucA and MucB was recently proposed to be due to the
antagonism of sigma E by MucB, localized to the periplasm of
the cell, and MucA, localized to the inner membrane via a
single transmembrane domain with amino- and carboxy-termi-
nal domains in the cytoplasm and periplasm, respectively
(189). Binding of the Muc proteins to the sigma E transcription
factor sequestered it and probably prevented it from activating
the alginate biosynthetic locus (282). The induction of alginate
overproduction may arise following exposure of nonmucoid P.
aeruginosa cells to hydrogen peroxide, generating the mucA22
allele of the mucA gene (188). Both AlgB and AlgR are phos-
phorylated proteins (73, 182), but whether these phosphoryla-
tion events are important for transcriptional regulation of algD
by AlgB and AlgR is not clear. Ma et al. (181) demonstrated
that transcriptional activation of algD by AlgB and AlgR is not
affected by the phosphorylation states of the later. Therefore,
phosphorylation of AlgB and AlgR may play a yet undefined
role in transcriptional regulation. For example, it is possible
that these phosphorylation events are important for responses
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of P. aeruginosa to environmental cues. Exactly which aspects
of the milieu of the CF lung promote the change to a mucoid
phenotype remain unclear. Interestingly, MEP/alginate pro-
duction blocks the interaction of the LPS outer core pseudo-
monal ligand of CFTR, further inhibiting clearance that is
already defective in CF patients.

Progression of chronic infection. Although there is a highly
varied clinical course for CF patients once the mucoid pheno-
type of P. aeruginosa emerges, this event correlates with the
onset of significant deterioration in lung function (70, 222).
The small minority of CF patients who do not acquire mucoid
P. aeruginosa, including those carrying only nonmucoid P.
aeruginosa strains, have significantly better lung function over
time compared with CF patients infected with mucoid P.
aeruginosa (215). As lung function declines, so does isolation of
organisms such as S. aureus and nontypeable H. influenzae,
indicating they probably do not play an important role at this
stage of the pathogenesis of CF lung disease.

While MEP/alginate overproduction is a key factor in the
pathogenic picture, several other molecular changes to P. aerugi-
nosa isolates from CF patients have been documented. Curi-
ously, mucoid P. aeruginosa strains almost all produce a LPS
defective in elaboration of O side chains (120), rendering the
organisms susceptible to the bactericidal effects of complement
(230, 269). Clearly, the effective complement levels in the lungs
are below those capable of killing mucoid P. aeruginosa strains.
The selective basis for the loss of O antigen production is not
known, but suggestions include avoidance of host antibody
responses to LPS O side chains and the instability of strains
attempting to express both MEP/alginate and a smooth LPS.
Other phenotypic changes have been described for mucoid P.
aeruginosa strains, including reduced production of extracellu-
lar virulence factors and cell-bound adhesins (183).

(i) Biofilms and quorum sensing. One aspect of the patho-
genesis of chronic lung infection in CF is the ability of P.
aeruginosa to grow as a biofilm, which reportedly increases
bacterial resistance to phagocytic killing (194) and antibiotic
killing (35, 348). Passador et al. (218) first reported that ex-
pression of some P. aeruginosa virulence genes required cell to
cell communication. Gray et al. (114) first noted that both P.
aeruginosa and the fish commensal Vibrio fischeri had inter-
changeable genetic elements involved in controlling this pro-
cess, which is also referred to as quorum sensing. A sensor-
regulator system involving the genes lasR and lasI was found to
comprise the P. aeruginosa genetic elements involved in sens-
ing cell density and production of a soluble factor regulating
other genes. This factor, referred to as Pseudomonas autoin-
ducer, was identified as 3-oxo-N-(tetrahydro-2-oxo-3-fura-
nyl)dodecanamide (220), an acyl homoserine lactone. A sec-
ond autoinducer was then discovered (221) and was identified
as N-butyrylhomoserine lactone. This factor was produced by
the rhll gene under the control of the rAlR sensor, both which
are involved in the production of a rhamnolipid molecule of P.
aeruginosa (211), as well as in control of the synthesis of other
exoproducts (33). Additional studies of this system have shown
that other gene products, such as that encoded by P. aeruginosa
vfr, a homolog of the E. coli cyclic AMP receptor protein (3),
and a quinolone-like molecule (226), also affect quorum sens-
ing responses. Biofilm development in vitro was also found to
be dependent on the quorum-sensing system (66) suggesting
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FIG. 7. The AlgU alternative sigma factor (also called AlgT) directly regulates expression of itself, of the alginate biosynthetic operon, and of
several other regulatory genes. The figure depicts events leading to transcriptional regulation of the algD gene (encoding GDP-mannose
dehydrogenase), which lies at the 5" end of the alginate biosynthetic operon. The activity of the AlgU transcription factor is negatively regulated
by the two anti-sigma factors MucA and MucB (Tier 1). When AlgU remains in an active state, it is then able to initiate transcription of the algB
and algR genes, which encode transcriptional regulatory proteins (Tier 2). These transcriptional activators then positively regulate algD transcrip-
tion. Regulation of algD by AlgB and AlgR may be further modified by other events such as phosphorylation of AlgB and AlgR and dimerization
of AlgR with another transactivator, AlgZ (Tier 3). Symbols: [, constitutive (¢’-like) promoter; EA, heat shock (¢°*-like) promoter; €,
transcriptional activator; O, transcriptional inhibitor; EE, structural gene; 0, positive regulation; —, posttranslational modification; A, kinase; -P,

phosphate.

that the genes involved were critical for pathogenesis in the CF
lung. Substantiation of this idea was provided by the findings of
Storey et al. (309) that lasR transcripts could be found in the
sputa of infected CF patients and by the findings of Greenberg
and colleagues (298) identifying the homoserine lactone mol-
ecules in CF patient sputa. Nonetheless, the evidence that P.
aeruginosa is growing as a biofilm in the lungs of CF patients is
based principally on electron microscopic evidence (168, 298)
that has yet to be adequately coupled to the major molecular
mechanism of biofilm formation, which may include the elab-
oration of MEP/alginate (207).

In a study of the requirement for the quorum-sensing genes
in the formation of a biofilm in vitro (66), it was found that
mutations in the las/ gene did not affect the production of
MEP/alginate. Moreover, there was a low correlation of tran-
scripts for lasR and algD, the first gene in the alginate biosyn-

thetic operon, in CF patient sputum samples (309), indicative
of independent regulation of these two factors associated with
P. aeruginosa biofilms. Mathee et al. (188) obtained mucoid
variants from strain PAO1 growing as a biofilm after exposure
of the bacteria to hydrogen peroxide, and these mucoid vari-
ants had a reduced production of quorum-sensing controlled
virulence factors. More recently, Bollinger et al. (25) showed
that quorum-sensing regulation of gene expression in P. aerugi-
nosa was complex, dependent on the growth state of the cells
and nutritional factors available, and quite dynamic. They fur-
ther suggested a role for quorum-sensing products in negative
regulation of gene expression in a biofilm. These data indicate
there are two, probably independent, pathways to biofilm for-
mation in P. aeruginosa: quorum-sensing-dependent MEP/
alginate-independent and quorum-sensing-independent MEP/
alginate-dependent forms.
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(ii) Ineffectiveness of the innate immune response to mucoid
P. aeruginosa. Numerous host factors representing components
of the innate immune system are brought to bear on P. aerugi-
nosa in the CF lung, but eventually they all fail. Failure attrib-
utable to host defects resulting from mutant CFTR alleles has
been discussed above. However, bacterial factors also appear
to contribute to the inadequacy of the innate immune system in
eliminating P. aeruginosa from the CF respiratory tract. The
ability of alginate to scavenge hypochlorite produced by phago-
cytic cells ingesting P. aeruginosa has been described previously
(171). P. aeruginosa alginate has also been reported to reduce
the chemotaxis of polymorphonuclear leukocytes (PMN) into
CF lungs and by itself to inhibit activation of the complement
system (224). Mucoid P. aeruginosa cells are inherently resis-
tant to phagocytosis by both PMN and macrophages in com-
parison to nonmucoid strains (45, 164, 196). Such a situation
can be exacerbated by binding of the bacteria to host factors
such as respiratory mucins (329) or growth in a biofilm (194).
Recently it has been shown that acetylation of the alginate of
P. aeruginosa is essential for resistance to phagocytosis medi-
ated by complement in the absence of antibody (231). Given
that mucoid P. aeruginosa is clearly the pathogen associated
most closely with the decline in lung function in CF patients, it
is not surprising the MEP/alginate itself is able to promote
bacterial survival in the face of host immune effectors.

Other bacterial factors contributing to bacterial resistance to
host innate immune effectors include products of the type III
secretion system (349), such as ExoS, which can inhibit phago-
cytic cell motility (98) and induce the death of PMNs and
macrophages (62), and ExoU, which is cytotoxic to eukaryotic
cells (91). ExoU knockout strains of P. aeruginosa show de-
creased virulence in animal models of acute infection (91), and
strains normally lacking exoU that are transduced to express
the ExoU protein have increased virulence in these models (5).
The pathological effects of products of the type III secretion
system, as well as other P. aeruginosa products that could
compromise host defenses, may be partially mitigated by the
potent immune responses to P. aeruginosa antigens made by
CF patients (32, 81). Whether intact neutralizing antibodies
are present in sufficient titer in the sputa of CF patients to
counteract the bacterial factors is not clear, so that the actual
contribution of these factors to the persistence of chronic in-
fection is deduced primarily from laboratory studies.

Although defects in CFTR underlie the hypersusceptibility
of CF patients to initiation of P. aeruginosa infection, the
redundancies of many protective mechanisms in the innate
immune system indicate that P. aeruginosa must circumvent
other host responses in order to survive. Factors recently iden-
tified as being important in host resistance to P. aeruginosa
infection include the C5a chemoattractant receptor (128), the
ability of respiratory epithelial cells to undergo apoptosis in
response to infection (113), and surfactant proteins in the
lungs (173, 185, 255). Whether there is a compromise in the
effects of any of these systems in CF patients is not known, but
these examples of the variety of host factors that can contribute
to innate resistance to P. aeruginosa infection are indicative of
the multiple defense barriers that the organism must overcome
or neutralize in order to establish chronic infection.

(iii) Ineffectiveness of the acquired immune response during
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chronic P. aeruginosa infection. A priori, it is apparent that the
acquired host immune response to mucoid P. aeruginosa is
ineffective at eliminating this pathogen. Indeed, this ineffective
response probably contributes significantly to the inflammatory
process that damages the lung tissue of CF patients. The ques-
tion is, why is the immune response to mucoid P. aeruginosa
ineffective? The principal hypothesis that has been studied is
that immune responses to the MEP/alginate antigen of mucoid
P. aeruginosa consist mostly of antibodies that fail to mediate
opsonophagocytic killing of the organism: so-called nonopso-
nic antibodies. These nonopsonic antibodies are not unique to
CF patients but have been found in all humans examined to
date, albeit at higher titers in CF patients (236). Among small
numbers of older CF patients lacking mucoid P. aeruginosa
(i.e., long-term nonprogressors), the presence of opsonic anti-
bodies to alginate has been reported and correlated with the
lack of infection and better clinical status (215, 236). Although
Tosi et al. (323) disputed this finding, their study did not
evaluate antibodies specific to MEP/alginate. CF patients
clearly do produce antibodies that can mediate the opsonic
killing of mucoid P. aeruginosa, but these antibodies are not
specific to the alginate antigen (236). These non-alginate
(MEP)-specific antibodies fail to mediate the killing of mucoid
P. aeruginosa growing in an in vitro-formed biofilm (194), po-
tentially explaining their ineffectiveness at protecting CF pa-
tients from chronic infection. Monoclonal and polyclonal op-
sonic antibodies from mice and rabbits, respectively, to MEP/
alginate protected rodents from endobronchial infection (237),
and opsonic responses to this antigen could be engendered in
a few healthy humans by vaccination (232). However, when
hundreds of plasma donors were immunized with a MEP/
alginate vaccine, only a minority (35%) responded with opso-
nic antibody, and the titer and activity were quite low (G. B.
Pier, unpublished observation). Thus, nothing appears unique
about CF patients regarding their inability to produce alginate/
MEP-specific opsonic antibodies; this deficit is found among
most humans. Those few patients with naturally occurring op-
sonic antibodies to MEP/alginate acquired them by some un-
known mechanism; they had exceptional responses to this an-
tigen.

The association of an ineffective immune response to MEP/
alginate with progression of chronic infection and the similar
association of an effective, opsonic response with resistance to
infection, implicates this aspect of immunity in resistance to
mucoid P. aeruginosa infection. These observations formed the
basis for a clinical trial of a hyperimmune intravenous immu-
noglobulin G (IgG) preparation in infected CF patients. Un-
fortunately, the trial did not show any effect of monthly ad-
ministration of the preparation. While the basis for failure for
a trial can be attributed to a wide variety of factors, the most
likely ones are related to the poor response rate of the vaccine
recipients and the low titers engendered in those that did
respond. Newer efforts centered on production of conjugate
vaccines and human monoclonal antibodies are being pursued.

THERAPIES FOR CYSTIC FIBROSIS LUNG DISEASE

Airway Clearance

Clearance of the purulent pulmonary secretions in CF lung
disease has long been enhanced through chest physiotherapy
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with postural drainage. Standard chest physiotherapy is, how-
ever, time-consuming and must be carried out by a trained
individual. In attempts to improve both efficacy and compli-
ance, multiple alternative therapies have been developed in the
last few decades. These therapies are all based on the suppo-
sition that clearance techniques not only relieve airway ob-
struction, acutely improving ventilation, but also allow in-
creased expectoration of elastase-laden sputum that, if left
undisturbed, would impair natural mucociliary clearance and
mediate progressive lung damage (350). Ironically, the univer-
sal acceptance of chest physiotherapy as a beneficial therapy in
CF has led to a paucity of data supporting the tenet, probably
due to the ethically tenuous nature of a long-term study com-
paring treatment with no treatment. Consequently, most trials
have compared either pairs of the various airway clearance
treatment options or short-term therapy versus no treatment.
For example, studies comparing high-frequency chest com-
pression with an inflatable vest to standard physiotherapy have
demonstrated similar short-term improvements in pulmonary
function and sputum production in hospitalized patients (10,
30). Other common techniques include active forced expira-
tion (334), autogenic drainage (227, 271), positive expiratory
pressure (89, 199, 227), and oscillators such as the Flutter
device (162). A meta-analysis of randomized trials of chest
physiotherapy techniques in CF showed no difference among
the techniques. All were equally capable of increasing the
quantity of sputum expectorated (321). Given that compari-
sons have demonstrated similar efficacy in terms of sputum
production, patient satisfaction and compliance may be the
most important factors to consider when recommending a
technique for home use (247, 331). Whether increased sputum
production slows the progression of CF lung disease remains
an open question.

Lending credence to the idea that improved airway clear-
ance leads to a slowing of the progression of CF lung disease
has been the study of agents that decrease the abnormally high
viscosity of CF airway secretions. CF sputum contains many
neutrophils that release DNA upon autolysis. The DNA ag-
gregates into large fibrils, markedly increasing sputum viscosity
(238). Purified recombinant human DNase I (rhDNase I)
reduces the viscosity of CF sputum samples and is thus hypoth-
esized to aid in sputum clearance (288). In clinical trials,
rhDNase use is associated with an improvement in FEV1, as
well as with a decreased frequency of pulmonary exacerbations
requiring parenteral antibiotic therapy (100, 248). At the cur-
rent recommended prophylactic dose of 2.5 mg of rhDNase
delivered via nebulizer once daily, the therapy is well tolerated,
with transient hoarseness being the only consistent side effect.
The only major concern regarding the long-term use of
rhDNase has been related to its high cost (P. B. Davis, Edito-
rial, N. Engl. J. Med. 331:672-673 1994).

Chemotherapy

Antibiotic therapy leads to improvement in lung function,
the best predictor of survival in CF patients (253). While in-
vestigators generally agree that antibiotic therapy reduces the
morbidity of CF lung disease, most decisions regarding when
to treat, and with which antibiotics, are largely empirical and
are based on the patient’s age, the colonizing organisms, and
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the severity of the patient’s pulmonary exacerbation. Young
patients with mild lung disease and colonization with S. aureus
or H. influenzae are often treated with oral antibiotics, includ-
ing amoxicillin-clavulanate, trimethoprim-sulfamethoxasole,
and cephalexin, during mild exacerbations (Table 4). Mild ex-
acerbations manifest as cough and congestion associated with
viral upper respiratory infection and are characterized by only
a modest decline in lung function (<10% decrease in FEV1)
with no change on chest radiograph. Moderate or severe ex-
acerbations with symptoms of increased cough and sputum
production, changes on chest radiograph, decline in lung func-
tion by more than 10%, exercise intolerance, fever, weight loss,
and possibly hemoptysis are treated with intravenous antibiot-
ics (56). If colonized with S. aureus alone, patients often re-
ceive oxacillin, nafcillin, or cephalothin monotherapy. Patients
colonized with both S. aureus and H. influenzae may receive
combination therapy with both a narrow-spectrum penicillin
and an aminoglycoside such as gentamicin.

The approach to therapy for patients colonized with P.
aeruginosa mirrors that described for patients with S. aureus,
namely, oral antibiotics for mild infections and intravenous
ones for moderate to severe exacerbations. The effectiveness of
chemotherapy against P. aeruginosa infection is reduced by the
intrinsic resistance of this microorganism to many antibiotics.
The precise mechanism of such resistance is not well under-
stood but has been speculated to be due to the structure of the
cell wall, the extensive linkage of outer membrane proteins to
the LPS, or the extremely hydrophilic nature of the outer
membrane, which may exclude many hydrophobic antibiotics.
Oral antibiotics with activity against P. aeruginosa are currently
limited to the quinolones, particularly ciprofloxacin. Fortu-
nately, oral ciprofloxacin is as efficacious as intravenous ther-
apy in improving pulmonary function (52, 124). However, the
use of ciprofloxacin is limited by concern regarding both car-
tilage toxicity in young children (although studies have not
justified the concern [38]) and rapid emergence of resistance
(289). Frequently, ciprofloxacin is used in combination with an
inhaled antibiotic such as tobramycin or colistin. In vitro test-
ing shows that double-antibiotic combination therapy appears
more effective than monotherapy (170). However, single-drug
susceptibility testing of sputum P. aeruginosa isolates remains a
useful guide for therapy against sensitive strains. For multire-
sistant strains, in vitro testing of antibiotic combinations allows
the identification of synergistic antibiotics with activity against
the resistant organisms. Practically, treatment of either sensi-
tive or resistant strains involves combination therapy, typically
with an aminoglycoside and a 3-lactam active against P. aerugi-
nosa. While monotherapy may be as effective against suscep-
tible strains, combination therapy is clearly more effective
against resistant strains and may delay the development of
resistance (80).

The timing of antibiotic therapy is a matter of considerable
debate. In the United States, therapy typically follows a sched-
ule dictated by the pattern of pulmonary exacerbations. Pa-
tients receive intravenous antibiotic therapy only for moderate
or severe episodes of illness. Studies from Denmark, where
patients chronically colonized with P. aeruginosa receive regu-
larly scheduled “maintenance” intravenous therapy, suggest
that frequent antibiotic use leads to improved survival (94,
316). An extension of this concept is the use of antipseudomo-

6002 ‘8 JaqWIBAON UO Ag B10°WSe WD Woly papeojumod


http://cmr.asm.org

VoL. 15, 2002

LUNG INFECTIONS IN CYSTIC FIBROSIS 213

TABLE 4. Antimicrobial therapy for CF pulmonary exacerbations

Severity Colonizing oraganism/s Drug(s) Route Dose Comments
Mild S. aureus Dicloxacillin p.o.  50-100 mg/kg/day q.i.d. Max 500 mg q.i.d.
Amoxicillin p.o. 40 mg/kg/day t.i.d. Max 500 mg t.i.d.
Amoxicillin-clavulanate p.o. 40 mg/kg/day t.i.d. Max 500 mg t.i.d.
Trimethoprim-sulfamethoxasole p.o. 6-12 mg/kg/day b.i.d. pt > 2 mo
Cephalexin p.o.  50-100 mg/kg/day t.i.d. Max 500 mg t.i.d.
S. aureus and H. influenzae Drugs listed above except dicloxicillin
S. aureus and P. aeruginosa Ciprofloxacin p-o.  500-750 mg b.i.d. Patients > 18 yr*
Add drugs listed under S. aureus, as
Staphylococcus becomes rapidly
resistant to ciprofloxacin
Consider adding tobramycin inhaled
150-300 mg b.i.d.
Consider adding colistin” inhaled 80—
160 mg q.d-b.i.d.
P. aeruginosa Ciprofloxacin plus inhaled tobramycin
or colistin
Moderate S. aureus and P. aeruginosa Piperacillin-tazobactam® iv.  200-300 piperacillin mg/kg/day =~ Max 24 g of piperacillin/day
and 6h

severe
Ticarcillin-clavulanate

Ceftazadime

Aztreonam

Imipenem
Plus tobramycin
Consider adding oxacillin

P. aeruginosa Piperacillin

Ticarcillin
Or ceftazidime, aztreonam,

imipenem as above
Plus tobramycin

q.
iv.  200-300 ticarcilling mg/kg/day ~ Max 12 g of ticarcillin/day
6h

q.
iv.  150-200 mg/kg/day q.8h

Max 6 g/day
iv.  150-200 mg/kg/day q.6-8h Max 8 g/day
iv.  60-100 mg/kg/day q.6h Max 4 g/day

iv.  6-10 mg/kg/day q.8h
iv.  150-200 mg/kg/day q.4h

pk 8-12 pg/ml

Max 12 g/day

iv.  200-300 piperacillin mg/kg/day  Max 24 g of piperacillin/day
q.6h

iv.  200-300 ticarcillin mg/kg/day

Max 12 g of ticarcillin/day
q.6h

“ Quinolones can be used in prepubertal children older than 5 years, although dosing standards have not been established.
b Colistin is used particularly for multidrug resistant organisms, or in patients who have demonstrated aminoglycoside toxicity.
¢ Piperacillin has a higher incidence of neutropenia and hypersensitivity reactions, but produces less platelet dysfunction than ticarcillin.

nal prophylaxis. Many patients, both in Denmark and else-
where, are given long-term antibiotic therapy in an attempt to
reduce the severity and frequency of pulmonary symptoms
(158). However, continuous prophylaxis aimed at reducing S.
aureus colonization has, at best, been shown to be equivalent to
episodic therapy when clinical symptoms or lung mechanics of
CF infants are compared. At worst, as noted above, decreasing
the early colonization with S. aureus may increase colonization
with P. aeruginosa (247). In contrast to the potentially detri-
mental effect of S. aureus prophylaxis, nebulization of either
tobramycin or colistin is a beneficial therapy against P. aerugi-
nosa and has no significant adverse effects (138, 340). Early
treatment with inhaled tobramycin may even prevent coloni-
zation with P. aeruginosa (340), which has prompted ongoing
long-term prospective trials of inhaled tobramycin in young
children. A double-blind, placebo-controlled trial based on
data from 520 adult CF patients showed that inhaled tobramy-
cin taken as 300 mg on a twice-daily basis for 4 weeks followed
by 4 weeks without antibiotic over a total period of 24 weeks
improved pulmonary function, decreased the density of P.
aeruginosa in sputum, and decreased the risk of hospitalization
(249). Current prophylactic regimens in the United States uti-
lize 300 mg of tobramycin administered on a twice-daily basis
for alternating 28-day on-off cycles. The intermittent schedule

is aimed at balancing the prevention of symptomatic P. aerugi-
nosa colonization against the development of highly resistant
strains. Achieving this balance remains a major challenge of
current chemotherapeutic strategies for combating CF lung
disease.

Mechanisms of Antibiotic Resistance

A major problem for the treatment of infection in CF pa-
tients is the emergence of full-fledged antibiotic resistance, and
most patients will eventually succumb to chronic lung infection
with multiresistant P. aeruginosa. In 1984, it was reported that
the application of one antibiotic could select for resistance to
antibiotics that were chemically unrelated to the antibiotic that
had originally been administered (266), indicating that resis-
tance to more than one class of antibiotic could be acquired in
a single event. Two well-characterized mechanisms mediate
the simultaneous transfer of resistance to multiple drugs. The
first is the presence of multiple resistance genes on one trans-
ferable genetic element (called an R factor or R plasmid). R
factors are episomal genetic elements that encode drug resis-
tance as well as their own conjugative transfer; they were first
described in 1959 (210), although reports earlier than 1959 had
described drug resistance that was probably due to the same
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phenomenon (151). Several reports have suggested that many
clinical isolates of P. aeruginosa carry R factors (137, 304, 315).
R factors are transferred very efficiently among pseudo-
monads, with a transfer rate that approaches 0.1 event per
CFU (214), and the transduction of drug resistance genes
between P. aeruginosa strains has been demonstrated to occur
under environmental conditions (198, 268). Additionally,
pseudomonads can acquire plasmid-borne antibiotic resistance
from nonpseudomonads, as evidenced in the case of Serratia
marcescens resistance plasmids (213). The concatamerization
of multiple drug resistance genes on a single episomal element
is thought to occur through a stepwise fusion of multiple re-
sistance plasmids. Similar fusion events have been found to
occur for of R factors and TOL plasmids, the latter of which
carry genes essential for the catabolism of small aromatic com-
pounds present in soil (336).

The second mechanism by which a single genetic event can
result in resistance to multiple drugs is the acquisition of genes
encoding drug efflux pumps (179). The existence of such pump
proteins was indicated by the finding that the acquisition of
multidrug resistance could be correlated with the expression of
several outer membrane proteins (187). Since that time, drug
efflux pumps have been characterized in detail. They have been
found to consist of a multiprotein holocomplex including (i) an
energy-dependent “extrusion pump,” which resides in the bac-
terial inner membrane; (ii) a protein that connects the inner
and outer membranes; and (iii) an exit pore protein complex
(201). The protein components of these holocomplexes fre-
quently have domain structures that are analogous to those of
the domains of ABC family transporters (like the CFTR pro-
tein), the difference being that in drug efflux pumps the pore
proteins and nucleotide binding domains are usually present
on separate proteins that are brought together by formation of
the holocomplex.

EMERGING PATHOGENS AFFECTING CYSTIC
FIBROSIS PATIENTS

Although P. aeruginosa has remained the predominant pul-
monary pathogen in CF patients, recent years have seen the
emergence of several new pathogens of clinical relevance to
CF. An epidemic of infection with Burkholderia cepacia (then
Pseudomonas cepacia) was reported in CF patients in the
1980s, and a high mortality was noted. A subsequent analysis in
1990 of 124 B. cepacia-infected CF patients and the same
number of sex- and age-matched controls showed significantly
higher mortality in the first year following detectable B. cepacia
colonization (28 versus 6%) but no significant difference in
subsequent years (174). The B. cepacia-infected patients
seemed to have a worse clinical status up to 2 years prior to
detection of this organism, suggesting that it has a predilection
for more severally ill patients. In 1992, Gladman et al. reported
that a notable number of CF patients were colonized with B.
cepacia and Burkholderia (now Stenotrophomonas) maltophilia
(108). These workers also reported a propensity for coinfection
with P. aeruginosa in the patient population studied. The clin-
ical significance of B. cepacia coinfection has also been dem-
onstrated by Whiteford et al., in that coinfection with P. aerugi-
nosa and B. cepacia was found to carry a poorer prognosis than
was P. aeruginosa infection alone (337). B. cepacia is trans-
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missible both inside and outside of the hospital setting (82,
92, 300, 320). It is capable of invading airway epithelium (42),
an activity that has been cited as an explanation for its broad
antibiotic resistance and its ability to cause disseminated bac-
teremia. Furthermore, it is intrinsically resistant to many anti-
biotics. This intrinsic antibiotic resistance seems to require the
presence of a 30-kDa bacterial porin, and specific antibody
against this porin correlates well with good prognosis (39).
However, according to recent data (61), the overall age-specific
prevalence of B. cepacia infection peaks at around 6% of
patients 18 to 34 years old, while S. maltophilia has a slightly
higher incidence but is detected in 5 to 10% of patients in all
age groups. The clinical significance of S. maltophilia infection
in CF patients is unknown.

In 1980, Boxerbaum reported the isolation of Mycobacterium
spp. from the sputa of CF patients (29). Species implicated in
such infections include M. tuberculosis, M. avium-intracellulare,
M. kansasii, M. gordonae, M. chelonei, and M. fortuitum (123,
149). The prevalence of mycobacterial infection among CF
patients ranges widely among studies, from approximately 4%
(322) to almost 20% (123). Nevertheless, other data demon-
strate no significant increase in skin test positivity in CF pa-
tients compared to non-CF control patients (200). Further-
more, a recent report of a retrospective case-control study
shows no effect on prognosis attributable to mycobacterial
infection (322). However, infection with M. abscessus may be
exceptionally deleterious (59). In summary, while several stud-
ies have identified Mycobacterium spp. as potential pathogens
of CF patients, the relative clinical importance of these infec-
tions is unclear.

Aspergillus fumigatus is a fungal pathogen that causes a wide
range of pulmonary disease states, which are not restricted to
CF patients but are correlated instead with immunosuppres-
sion (reviewed in reference 106). Colonization by this fungus
can lead to both localized and disseminated infection and can
induce an acute inflammatory response, as well as a chronic
granulomatosis response (21), both of which can lead to the
destruction of nearby lung tissue. In addition, allergic bron-
chopulmonary aspergillosis, a syndrome seen in patients with
asthma and CF and marked by elevated serum IgE levels, can
lead to damage to large airways (central bronchiectasis) (54).
A relationship between A. fumigatus and CF was first suggested
in the 1970s by Bardana et al., who showed that CF patients
had higher serum titers of antibodies against this fungus than
did healthy individuals (14). Anti-Aspergillus 1gG levels are
directly related to carriage of the microbe, while anti-Aspergil-
lus TgA levels are inversely related to carriage (270). A positive
correlation between fungal carriage and antifungal IgG anti-
bodies is supported by a more recent study (299). These data
seem to support a prominent role of IgA in protection in
normal individuals, and they indicate that in CF patients, some
host defense factor is compromised that dysregulates the hu-
moral response, causing the production of unprotective anti-
bodies. No relationship seems to exist between A. fumigatus
carriage and P. aeruginosa infection.

Alcaligenes xylosoxidans is another pathogen found not in-
frequently in CF patient oropharyngeal cultures (40), but
again, its finding has unclear clinical significance. Methicillin-
resistant S. aureus is also found with increasing frequency, and
this has led to concern that these strains may pose a greater
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clinical problem then methicillin-sensitive S. aureus, or, alter-
natively, may be a source for dissemination of methicillin-
resistant S. aureus in both the hospital and the community.
Many other pathogens are on occasion isolated from sputum
cultures from CF patients, but their clinical importance is an
open question. One likely common thread to all of these un-
usual pathogens is that they can colonize and infect CF lungs
that have been extensively damaged by years of chronic mucoid
P. aeruginosa infection.

CONCLUSIONS

The study of CF has evolved greatly since the initial empir-
ical characterization of this disease. While originally charac-
terized as a collection of loosely related syndromes, CF is now
recognized as a single disease entity whose diverse symptoms
stem from the wide tissue distribution of the gene product that
is defective in CF, the ion channel and regulator CFTR. De-
fective CFTR channel function impacts the function of the
pancreas and alters the consistency of mucosal secretions. The
latter of these effects probably plays an important role in the
defective resistance of CF patients to many bacterial and fun-
gal pathogens. As the modalities of CF research have changed
over the decades from empirical histological studies to include
biophysical measurements of CFTR ion channel function, the
clinical management of this disease has similarly evolved to
effectively address the ever-changing spectrum of CF-related
infectious diseases. This changing face of CF as a disease is due
to several factors but is largely attributable to the advent of
antibiotic therapy and the improvement of nutritional regi-
mens. Combined, these factors have led to the successful man-
agement of most CF-related infections, with the notable ex-
ception of chronic lung infection with the gram-negative
bacterium P. aeruginosa. The virulence of P. aeruginosa stems
from multiple bacterial attributes, including innate antibiotic
resistance and multidrug resistance, the ability to utilize quo-
rum-sensing signals to form biofilms, the destructive potential
of a multitude of microbial toxins and secretion factors such as
those of the type III secretion system, and the ability to acquire
a mucoid phenotype, all of which render this microbe ex-
tremely resistant to both the innate and acquired immunologic
defenses of the host. Advances in therapeutic interventions in
this disease have been slow, but overall there has been a steady
improvement in the quality of life and long-term survival of CF
patients. With the advent of new technologies ranging from
sequences of microbial and human genomes to high-through-
put screening for testing of potential therapeutics, there is
great hope that the treatment of CF in the next decade will
improve dramatically.
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