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The story of cystic fibrosis (CF) research over the last decade
has provided important lessons about the power and limi-
tations of positional cloning of disease genes, the under-
standing of pathogenesis, and the development of new ther-
apies. Studies in the 1980s identified defects in the chloride
conductance properties of epithelial cells from CF patients
(1). A turning point occurred in 1989 with the triumphant
discovery of the gene responsible for CF by Collins, Riordan,
Tsuiand colleagues (2, 3). Analysis of the predicted transla-
tional product of the gene revealed a transmembrane pro-
tein that did not resemble a classic channel. The protein was
called the CF transmembrane conductance regulator
(CFTR) because of the previously described link between
abnormalities in NaCl transport and the genetic defect. Iso-
lation of the gene stimulated a bewildering array of studies
aimed at defining the genetic basis of the disease and
the biochemical and biophysical properties of the protein.
Gene therapy experi-
ments were initiated in
patients by three inde-
pendent groups within

onset of infection and inflammation (6). Shortly after
birth, however, many patients become colonized with
bacteria and develop chronic inflammation. Endo-
bronchial colonization commonly occurs within the first
one to two years of life (7), with a number of organisms
including Staphylococcus aureus, Haemopbhilus influenzae,
and Gram-negative enteric organisms (Klebsiella pneumo-
niae and Escherichia coli). The role of these organisms in
the development of lung disease remains unclear. Even-
tually, nearly all patients become infected with
Pseudomonas aeruginosa, which is closely associated with
progressive pulmonary deterioration, although the rate
of progression is highly variable and multifactorial (8).
Organisms in the Burkholderia cepacia complex represent
increasingly important pathogens, some of which are
strongly correlated with rapid clinical deterioration.
These clinical data suggest that CF lung disease is initi-
ated by a breach of the host defense system of the airways
and propagated by the inability to effectively clear the
infection. Chronic inflammation contributes to obstruc-
tive lung disease and tissue destruction leading to

have emerged as potential
four years of the gene

isolation (4). Despite
tremendous progress by
the field in these areas,
an important considera-

bronchiectasis and respiratory failure.

Lung host defense. A first line of defense against pathogen-
ic insult is called the innate immune system, which is fol-
lowed by acquired immune responses associated with acti-
vation of T and B cells to specific antigens. The innate

players in host defense at
mucosal surfaces such as
the airways.

tion remains: What s the
relationship between the genetic defect and the clinical
manifestations of the disease that leads to chronic respira-
tory infection and respiratory compromise?

Quinton (1) was the first to suggest that the genetic
defect in CF causes abnormalities in the fluid lining the
airway surface. An important function of this mucosal
interface is to keep bacteria that are routinely inhaled
from causing infection. The chronic respiratory infec-
tion associated with CF suggests this host defense is
compromised. Critical validation of this hypothesis was
provided by Smith et al. (5), who demonstrated that fluid
recovered from cultured epithelial cells from normal
individuals kills bacteria, while fluid from similar cul-
tures of CF cells does not, providing the first direct link
between a defect in CFTR and a breach in pulmonary
host defense. This Perspective describes the emerging
field of pulmonary host defense in the context of CF
pathogenesis.

The most devastating clinical sequelae of CF are refer-
able to the pulmonary system. Lungs of patients with CF
are normal in utero and in the newborn period before the

immune response not only provides the first-line barrier to
colonization and infection but also determines to which
antigens the acquired immune system responds and the
nature of these responses (9). In the respiratory tract, the
innate host defense system is complemented by several
other mechanisms to protect the airways and the lung
parenchyma from colonization and infection (Fig. 1) (10).

Mucociliary clearance provides an efficient system to
clear pathogenic particles and is assisted by aerodynam-
ic filtering and airway reflexes, such as coughing and
sneezing. Mucus secreted by mucous gland and goblet
cells of the large airways entraps particles that are then
propelled by movement of cilia. Cellular components of
the innate defense system include alveolar macrophages,
neutrophils, and epithelial cells. These cells provide not
only effector functions against pathogens but also initi-
ate or coordinate the host response to infection (Fig. 1).

Secretions of the airways contain proteins and peptides
that directly kill or inhibit pathogens, or modulate the
inflammatory response (Fig. 1). These molecules are pro-
duced by the secretory apparatus of the respiratory sys-
tem, which consists of gland and goblet cells of the large
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Figure 1

Host defense mechanisms of the respiratory epithelium. Cough and cilia mechanically remove inhaled debris and microorganisms entrapped in mucus,
a mechanism called mucociliary clearance. Multiple substances with pro- and antiinflammatory as well as antimicrobial activities are secreted by epithe-
lial cells and function as an innate immune barrier. Macrophages, B and T lymphocytes, neutrophils and also epithelial cells represent cellular compo-

nents of the innate and adaptive immune systems.

airways, Clara cells of the distal airways, and type II
pneumocytes of the lung parenchyma. Classical compo-
nents of the airway surface fluid (ASF) that have antimi-
crobial activity are lysozyme, lactoferrin, secretory phos-
pholipase A2, and secretory leukocyte protease inhibitor
(SLPI). Other substances, such as complement, surfac-
tant proteins, and Clara-cell protein (CC10, CCSP) like-
ly contribute to the host defense (10).

Antimicrobial peptides have emerged as potential play-
ers in host defense at mucosal surfaces such as the air-
ways. Peptide antibiotics are found in animals and
plants and are products of single genes, synthesized as
preproproteins (11). After cleavage, the mature peptide
is released and acts by inducing microbial membrane
permeabilization. Several classes of antimicrobial pep-
tides have been described, differing in amino acid
sequence, secondary structure, and spectrum of activity.
One of the best characterized families of antimicrobial
peptides is the defensins, which are cysteine-rich pep-
tides of broad antimicrobial activity (12). The a-
defensins are primarily found in secretory granules of
granulocytes, where they contribute to bacterial killing
in the setting of an acute infection. The first epithelial-
derived B-defensins, called tracheal antimicrobial pep-
tide (TAP) and lingual antimicrobial peptide (LAP), were
purified from cow (13, 14). Human homologues, called
human B-defensin 1 (hBD-1) and human B-defensin 2
(hBD-2), were purified and subsequently shown to be
expressed in surface epithelia and submucosal glands of
human airways and other mucosal organs (15-18).
Another family of peptide antibiotics that is receiving
increased attention is the cathelicidins (19). These pep-

tides contain a highly conserved signal sequence and
pro-region (“cathelin”) but show substantial hetero-
geneity in the COOH-terminal domain that encodes the
mature peptide, which can range in size from 12 to 80 or
more amino acids (13-15). The only human cathelicidin,
LL-37/hCAP-18, was isolated from human bone marrow
(20). LL-37/hCAP-18 is expressed in myeloid cells, where
it resides in granules, but is also found in inflamed skin
and respiratory epithelia, where it is secreted into ASF
(21). hBD-1 is expressed constitutively, in contrast to
hBD-2 and LL-37/hCAP-18, which are upregulated by
inflammatory mediators.

An assessment of the relative contribution of individ-
ual proteins or peptides to innate immune responses is
quite challenging. Biochemical methods have been used
to isolate and detect the molecules from biological sam-
ples. Functional studies primarily have been restricted to
in vitro experiments using purified components. The
actual concentration of antimicrobial peptides and pro-
teins at the site of action (e.g., in the gel or sol layer of the
ASF) is difficult to determine because of problems in
sampling the ASF. In human lung, there are approxi-
mately two teaspoons of fluid spread over an airway sur-
face area approximately half that of a soccer field. Func-
tional analysis of purified peptides and proteins in vitro
does not reflect the complexity of component interac-
tions, such as synergism and antagonism between multi-
ple substances. The host defense system has evolved fam-
ilies of peptides and proteins with overlapping functions,
suggesting biological redundancy and thus complicating
the functional analysis of individual components. In fact,
evidence suggesting that defensins actually contribute to
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Figure 2 b
Schematic overview of the develop-
ment of lung disease in CF. A diagram Cystic fibrosis
explaining the molecular mechanisms
is accompanied by micrographs of
representative lung tissue. Several
hypotheses describe the link between
defects in CFTR and increased sus-
ceptibility to bacterial infection. Panel
a and b compare normal and CF air-
way epithelium. As compared with
the situation in normal lungs (a), in
CF, (b) defects of CFTR might result in
dehydrated secretions, resulting in
decreased clearance and subsequent
colonization with pathogens (1). CF
epithelia may express more binding
receptors for Pseudomonas aeruginosa,
such as asialoGM1 (aGM1) (2),
resulting in increased adhesion of this
pathogen. CFTR present on the apical
surface of airway cells might function -

as a cellular scavenger receptor for P. : L o) - = - :
aeruginosa in order to clear the bacteri- +aGM1 fCFTR Antimicrobial taGM1 $CFTR Antimicrobial
um from the airway lumen (3). action action
Antimicrobial substances are secreted 1 D 3 4 5 1 2 3 4 5
(4, 5) into the aqueous sol layer and
exhibit local antibacterial activity. In
CF, secretion of antimicrobials might
be impaired (4), or secreted sub-
stances can be inactivated by the CF-
specific milieu, such as high salt con-
centration (5). The primary defect in
host defense results in infection with
accompanying inflammation. The
chronic inflammation causes second-
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ary defects of the host defense system.
(¢) Chronic infection of CF airways.
Numerous bacterial organisms and
neutrophils are present in the thick
layer of mucus. Inflammatory and
epithelial cells secrete multiple proin-
flammatory cytokines as well as pro-
teases. Bacteria release proteases,
LPS, and other virulence factors. An
intense neutrophilic infiltrate is also
found within the interstitium of the
epithelium. (d) The characteristic tis-
sue destruction in later stages of the
disease. Shedding of the epithelium
has taken place, and the remaining
epithelium has undergone metaplas-
tic changes. The intense inflammato-
ry response persists and remains
acute in nature, rather than the
expected change to a lymphocytic
response. CF, cystic fibrosis; CFTR, CF
transmembrane conductance regula-
tor, LPS, lipopolysaccharides.
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innate immunity in vivo is largely indirect. Genetic
approaches may help clarify these issues. For example, we
showed that killing of P. aeruginosa by ASF of human
bronchial xenografts is diminished if expression of hBD-
1 is inhibited in situ with antisense oligonucleotides (18).
Mouse homologues of human antimicrobial peptides
have been cloned and provide opportunities for exploit-
ing genetic strategies in animal models.

The role of primary and secondary defects of the innate host
defense system in the CF lung. A number of hypotheses have
been proposed to explain how a defect of CFTR results
in a breach of the innate immune system and a propen-
sity of the CF lung to become chronically infected and
inflamed (Fig. 2). Several hypotheses to explain the
pathogenesis of CF lung disease have been proposed and
can be divided into two groups. The first group states
that defects in CFTR result in alterations of the water
and salt content of airway secretions that secondarily
impact on host defense. Boucher and colleagues (22)
present evidence that CF epithelia hyperabsorb water,
leading to inspissation of secretions and ciliary dysfunc-
tion. This “isotonic volume transport/mucus clearance”
hypothesis provides a direct link between CFTR dys-
function and airway infection. Another hypothesis was
advanced by the findings of Smith et al. (5), who demon-
strated diminished bacterial killing of CF ASF. The
potential link to the CF phenotype was suggested by
observations that the salt content of ASF in CF is elevat-
ed to levels that inhibit antibacterial substances in in vitro
assays. The observation that bacterial killing of CF ASF
is enhanced by lowering its salt concentration in vitro
provided further support for this hypothesis. This
“hypotonic airway surface fluid/antimicrobial sub-
stance” hypothesis proposes that the defects in CFTR
result in elevated salt concentrations that inactivate
antimicrobial substances, such as defensins and others
(23). The core of this theory is the elevated NaCl content
in CF ASF, an observation that is controversial. A broad-
er debate about abnormalities of CF ASF content can be
found in the accompanying perspective by Jeffrey Wine.

The second group of hypotheses suggests that CFTR
deficiency causes abnormalities in the cell biology of the
respiratory epithelium that directly interfere with host
defense. The biogenesis or secretion of functional
antimicrobial substances may be altered by intracellular
defects in airway epithelial cells, although no direct evi-
dence exists to support this hypothesis. Intrinsic abnor-
malities of CF epithelia have also been implicated in
modulating the interaction between bacteria and epithe-
lial cells. Prince and colleagues (25) have proposed that
binding of bacterial pathogens to airway cells or secre-
tions is increased because of elevated density of recep-
tors, such as the tetrasaccharide of asialoganglioside-1
(aGM1). An alternative explanation, championed by Pier
etal. (26),1is that CFTR serves as a binding receptor for P.
aeruginosa, implying that the ion channel contributes to
the clearance of this bacterium by promoting uptake
into epithelial cells. Decreased amounts of apical CFTR
would result in defective clearance.

What is most surprising about CF lung disease is the
inability of the host to eventually clear the initial coloniza-
tion and infection of the airways despite a subsequent

intense inflammatory response. This inflammatory
process is characterized by an influx of neutrophils and
macrophages and the secretion of proinflammatory
cytokines such as interleukin-1, interleukin-8, and tumor
necrosis factor-a (Fig. 2). Proteases, oxidants, and O-
defensins are released from inflammatory cells and con-
tribute further to tissue destruction. DNA from lysed neu-
trophils, epithelial cells, and bacteria increases the viscosity
of airway secretions, leading to further impairment of
mucociliary function. Exhaled air from patients with CF
contains less nitric oxide (NO) than that from normal con-
trols, indicating increased metabolism of NO or decreased
production due to downregulation of inducible NO syn-
thase (27, 28). NO has various functions, ranging from reg-
ulation of inflammatory and immune cells and smooth
muscle tone to antimicrobial activity, and may be protec-
tive or deleterious in CF lung disease. Despite the alter-
ations of the innate immune system, the adaptive immune
system seems to be intact. Most patients develop antibod-
ies to antigens of P. aeruginosa (29). Later stages of the dis-
ease are characterized by chronic endobronchial infection
with P. aeruginosa and other organisms despite persistent
mobilization of innate and acquired immunity.

Tremendous progress has been made in understand-
ing the relationship between CFTR deficiency and CF
lung disease. An initial step is colonization of the respi-
ratory system after birth caused by defects in innate
immunity. A substantial and persistent inflammatory
response develops, which is incapable of clearing the
infection. Mechanisms that underlie the incompetence
of these antigen-specific (e.g, T and B lymphocytes) and
non-antigen-specific responses (e.g., neutrophils and
macrophages) are unclear.

Impact on new therapies. Advancing our knowledge of
pathogenesis will improve the prospect for better ther-
apies in several important ways. One problem with the
development of therapies for CF is their evaluation in
clinical trials. Demonstration of true clinical efficacy
(e.g., pulmonary function, hospitalization, etc.) is
exceedingly difficult, and surrogate end points (e.g,
correction of electrophysiological parameters) are inad-
equate. A better understanding of the link between the
gene defect and the proximal functional defects that
lead to clinical sequelae should help in the develop-
ment of molecular and cellular markers that are easily
measured and predictive of therapeutic efficacy, such
as the restoration of the host defense function. This
could have a significant impact on the development
and evaluation of gene therapies to the point where a
direct link can be made between gene expression and
functional correction.

The realization that peptide antibiotics are expressed
throughout surface epithelia has spawned the phar-
macologic development of these peptides as therapeu-
tics. Colistin, an antimicrobial peptide derived from
bacteria, is the first aerosolized peptide antibiotic to
be used in the treatment of pulmonary infection in
patients with CF. An enhanced understanding of the
biochemical and functional properties of endogenous
mammalian peptide antibiotics should facilitate sec-
ond-generation therapeutics designed to target CF-
specific pathogens.
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