Cystic Fibrosis

The genetic defects underlying this lethal disease

have now been shown to eliminate or hobble a critical channel

through which a constituent of salt enters and leaves cells

by Michael J. Welsh and Alan E. Smith

‘ Q [ oe to that child which when
kissed on the forehead tastes
salty. He is bewitched and soon

must die. This adage, from northern
European folklore, is an early reference
to the common genetic disease recog-
nized today as cystic fibrosis. As the
saying implies, the disorder once rou-
tinely killed children in infancy and is
often identifiable by excessive salt in
sweat. A salty brow is one of the more
benign manifestations. The inherited
genetic abnormality can also destroy the
lungs and cause serious impairment of
the pancreas, intestines and liver. Ad-
vances in therapy over the past few de-
cades have brightened the outlook for
afflicted children, enabling more than
half of them to survive into their late
twenties or beyond. But none of the ap-
proved treatments can yet correct the
biochemical abnormality at the root of
the condition, and none can remove
the specter of an early death.

Hoping to do better, investigators be-
gan trying in the early 1980s to identify
the specific genetic derangement that
gives rise to cystic fibrosis. After almost
a decade of struggle, they isolated the
affected gene and pinpointed the muta-
tion that most often leads to the dis-
ease. At the time, they could only guess
at the gene’s normal function—that is,
at the role played by the protein pro-
duced from the healthy DNA. Since
then, in an exciting series of discoveries,
researchers have learned that the pro-
tein serves as a channel through which
chloride, one component of salt, enters
and leaves cells. They also have ex-
plained how damage to the gene blocks
chloride transport, and they are explor-
ing how the loss of chloride movement
brings on the overt signs of cystic fi-
brosis. As was hoped, such findings are
suggesting new ideas for therapy, some
of which may one day cure the disorder.

The molecular advances that have led
to this promising moment in medical
history could not have been achieved
without the pioneering efforts of physi-
cians, many of whom gleaned their ini-

tial understanding of cystic fibrosis at
the bedside. Indeed, for decades, clini-
cal research yielded more information
about the nature of the disease than
did biochemical investigation.

One of the first major contributions
came in 1938 from Dorothy H. Ander-
sen of Columbia University. After per-
forming autopsies on infants and chil-
dren and reviewing the youngsters’ case
histories, Andersen provided the first
comprehensive description of the symp-
toms of cystic fibrosis and of the chang-
es produced in organs. Those changes,
she noted, almost always included de-
struction of the pancreas (even in in-
fants) and, often, infection of and dam-
age to the lung airways. Andersen also
gave the disease its name, calling it
“cystic fibrosis of the pancreas,” on the
basis of microscopic features she ob-
served in pancreatic tissue.

By the late 1940s physicians had fur-
ther realized that ductal systems and
other passageways in the organs affect-
ed by cystic fibrosis generally become
clogged with unusually thick secretions.
In the pancreas, for instance, ducts that
deliver digestive enzymes to the intes-
tines almost always become occluded,
impairing the body’s ability to break
down food and extract nutrients from it.

In the lung it is the bronchial tubes
and bronchioles that become obstruct-
ed. Those passages are usually bathed
by a thin layer of mucus that traps in-
haled particles and carries them to the
throat for removal. But in patients with
cystic fibrosis, the mucus is excessively
thick and resistant to removal. This
change by itself can narrow air pas-
sages and impair breathing. Moreover,
when bacteria remain in the air passag-
es, they can establish infections readily.
These infections, which tend to recur,
harm lung tissue by recruiting immune
cells that secrete injurious chemicals
and enzymes. As time goes by, chronic
infection progressively destroys the
bronchial passages and, together with
the plugging of airways, ultimately leads
to respiratory failure.
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By 1946 studies of patients had also
revealed something about the genetics
of cystic fibrosis. After examining the
pattern of disease inheritance in fami-
lies, researchers deduced that cystic fi-
brosis was a recessive condition, proba-
bly caused by mutation of a single gene.
If an infant inherited a damaged copy of
the gene from both parents and there-
fore made no normal molecules of the
protein specified by the gene, the child
became ill; however, receipt of one good
copy and one damaged copy did not
produce disease.

Cystic fibrosis is now known to be
among the most common genetic dis-
eases and to strike mostly whites. About
5 percent of white Americans are asymp-
tomatic carriers, harboring a single mu-
tant version of the gene in their cells.
One child in approximately 2,500 of
European descent carries two defective
copies and has the disease. In the U.S.
such numbers translate into about 1,000
new cases a year and a total of some
30,000 people who live with the disor-
der today.

Help from a Heat Wave

oughly seven years after the inheri-

tance pattern was delineated, New
York City baked in a heat wave. Hospi-
tals saw a disproportionate number of
children with cystic fibrosis, who appar-
ently became dehydrated more readily
than other youngsters. Paul di Sant’Ag-
nese and his colleagues at Columbia
University then found that boys and
girls with cystic fibrosis lose an exces-
sive amount of salt in sweat. The rea-
son for the increased saltiness would
not be discerned for many years, but
the observation had great clinical val-
ue. It resulted in development of a test
that remains the cornerstone of diag-
nosis: measurement of the chloride
content in perspiration.

Over the years, such clinical work has
led to earlier, more accurate diagnosis
and better treatments. For example,
pancreatic failure is rarely life-threaten-
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GENTLE POUNDING ON THE CHEST, or chest percussion, has
long been a standard treatment for cystic fibrosis. The proce-
dure aims to clear mucus from clogged airways in the lungs.
Investigators hope that growing understanding of the molec-

ing today because patients can replace
their missing digestive enzymes with
capsules taken when they eat. Now that
the digestive problems can generally be
controlled, the lung impairment ac-
counts for more than 90 percent of the
disability and death in patients with
cystic fibrosis. Treatment options for
the lung disease have expanded as
well. Current therapy does include old
standbys called postural drainage and
chest percussion. Patients lie so that
their head is tilted downward; someone
then pounds gently and rapidly on their
back or chest—as if hitting the bottom
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of a ketchup bottle—to try to clear mu-
cus from the airways. But patients also
benefit from a range of antibiotics that
help to control the repeated infections
(although usually without eliminating
them). And about two years ago anoth-
er treatment became available: inhala-
tion of a drug called DNase. This com-
pound aims to break up mucus by di-
gesting long, sticky strands of DNA
released from dying cells.

Research into the biochemical under-
pinnings of cystic fibrosis progressed
more slowly than did the clinical work,
but the pace intensified in the first half

ular basis of the disease will lead to drug therapies that pre-
vent airway obstruction in the first place. The child here is
being tapped by her mother. The white unit on her arm de-
livers intravenous antibiotics to combat infection of the lung.

of the 1980s. During that time, scien-
tists realized that malfunction of epi-
thelial tissue was at fault in every or-
gan impaired by cystic fibrosis. (An ep-
ithelium is a sheet of cells that forms a
barrier between different compartments
of the body; such sheets, which often
secrete mucus, line the intestines and
many ducts.) In particular, two avenues
of investigation revealed that the epi-
thelia of patients with cystic fibrosis
were relatively impermeable to chlo-
ride. This discovery implied that some
chloride-transporting channel in epi-
thelial tissue was malfunctioning.
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Organs Affected by Cystic Fibrosis

he genetic defect underlying cystic fibro-

sis disrupts the functioning of several or-
gans by causing ducts or other tubes to be-
come clogged, usually by thick, sticky mu-
cus or other secretions.

AIRWAYS

Clogging and infection of bronchial passag-
es impede breathing. The infections progres-
sively destroy the lungs. Lung disease ac-
counts for most deaths from cystic fibrosis.

LIVER

Plugging of small bile ducts im-
pedes digestion and disrupts liver
function in perhaps 5 percent of
patients.

PANCREAS

Occlusion of ducts prevents the
pancreas from delivering critical
digestive enzymes to the bowel in
85 percent of patients. Diabetes
can result as well.

4 ) SMALL INTESTINE
haf 4 Obstruction of the gut by thick stool
ol .r’ necessitates surgery in about 10
X e 'fk percent of newborns.

o s N
X } ] REPRODUCTIVE TRACT

Absence of fine ducts, such as the
vas deferens, renders 95 percent of
males infertile. Occasionally, wom-
en are made infertile by a dense
plug of mucus that blocks sperm
from entering the uterus.

SWEAT
GLAND

{ = ™

SKIN

Malfunctioning of sweat glands
causes perspiration to contain ex-
cessive salt (sodium chloride). Mea-
surement of chloride in sweat is a
mainstay of diagnosis.

ROBERTO OSTI
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In one set of those investigations, Paul
M. Quinton of the University of Califor-
nia at Riverside found that the epithelia
lining the ducts of sweat glands failed
to take up chloride efficiently from the
cavity, or lumen, of the glands. This
finding finally explained why people
with cystic fibrosis have unusually salty
sweat. Sweat is normally produced at
the base of sweat glands; it then flows
to the skin surface through a narrow
duct. Initially the sweat is a solution rich
in sodium and chloride ions—that is,
the constituents of salt. But as the fluid
traverses the duct, the ions escape into
the epithelium, leaving the water be-
hind. Thus, the sweat that emerges to
cool the skin surface is only slightly
salty. In patients with cystic fibrosis, in
contrast, the inability of epithelial tis-
sue to absorb chloride and the conse-
quent impairment of sodium absorp-
tion from the duct lumen cause sweat
to retain excess sodium and chloride
and to become abnormally salty.

In the other line of study, Michael R.
Knowles and Richard C. Boucher of the
University of North Carolina at Chapel
Hill examined the lungs. They found
that chloride movement from epithelial
tissue into the airway lumen was di-
minished and that sodium uptake by
the epithelium was enhanced. Reduced
chloride transport has now been dem-
onstrated as well in the epithelia of the
pancreatic ducts in mice and of the in-
testines in patients.

Finally, the Gene Is Found

s these studies of chloride transport
were progressing, many scientists
were engaged in an intense race to find
the gene responsible for cystic fibrosis.
That effort culminated in 1989, when a
large group of collaborators, led by
Lap-Chee Tsui and John R. Riordan of
the Hospital for Sick Children in Toron-
to and by Francis S. Collins, then at the
University of Michigan, announced it
had isolated the gene. Aware that the
protein product of the gene probably
influenced the movement of chloride
directly or indirectly, they named the
protein the cystic fibrosis transmem-
brane conductance regulator (CFTR).
While searching for the gene, the team
also identified an abnormality in the
DNA that appeared to account for about
70 percent of cystic fibrosis cases. That
aberration, often denoted as the AF508
mutation, consists of the deletion of
three nucleotides (DNA building blocks)
from the gene. That loss causes the
protein product of the gene to lack a
single amino acid: phenylalanine at po-
sition 508.
The report was extraordinarily excit-
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ing for everyone concerned with cystic
fibrosis; it promised to open new vistas
of understanding and new options for
therapy. Nevertheless, investigators de-
sired additional evidence that the cor-
rect gene had been isolated. Strong sup-
port could be obtained by inserting a
healthy version into cells from a patient
with cystic fibrosis and thereby correct-
ing the chloride transport defect. Frus-
tratingly, workers had difficulty con-
structing even a streamlined version of
the gene. By the summer of 1990, how-
ever, our colleague Richard J. Gregory
of Genzyme Corporation had solved
the problem.

The two of us and our co-workers
lost no time inserting the gene into ep-
ithelial cells isolated from the airways
of patients with cystic fibrosis. Next we
exposed the cells to cyclic AMP, a mole-
cule that normally stimulates chloride
transport in airway epithelium but has
no effect on tissue from patients with
cystic fibrosis. We were thrilled to see
that cyclic AMP now caused chloride to
stream out of the treated cells; the gene
had apparently made the cells normal.
We were not alone in our delight. Col-
lins and a number of his colleagues had
obtained similar findings using different
methods in pancreatic epithelial cells.

The successes with cultured cells sug-
gested that delivery of healthy CFTR
genes to patients might correct their
underlying biochemical abnormality—a
tantalizing possibility. But we also knew,
as will be seen, that there were many
obstacles to attaining that goal. Mean-
while another obvious problem loomed
over the field: resolving exactly how
the CFTR protein influenced chloride
movement.

What Does This Protein Do?

he linear sequence of amino acids
in the protein, which was easily de-
duced once the gene was isolated, of-
fered some immediate clues to the pro-
tein’s normal behavior. Notably, the se-
quence was much like that found in a
family of proteins called traffic ATPas-
es or ABC transporters (because they
carry what is known as an ATP binding
cassette). The similarity implied that
the CFTR protein might also resemble
the family in its behavior and in its
folded, three-dimensional structure.
The traffic ATPase family includes a
number of proteins used by bacteria to
pump nutrients across their cell mem-
brane; it also includes the drug-resis-
tance protein that unfortunately ejects
chemotherapeutic drugs from cancer
cells [see “Multidrug Resistance in Can-
cer,” by Norbert Kartner and Victor Ling;
SCIENTIFIC AMERICAN, March 1989].
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CYSTIC FIBROSIS GENE resides on chromosome 7 (left) and normally gives rise to
a protein called the cystic fibrosis transmembrane conductance regulator (CFTR).
The defect that most often leads to the disease is the deletion of three nucleotides
from the gene (red letters in center column); this alteration, known as the AF508
mutation, results in the loss of one amino acid—phenylalanine at position 508—in
the CFTR protein (right). Phenylalanine is lost because the protein-making machin-
ery of the cell now sees ATT (an alternative way to encode isoleucine) at the gene
region coding for the protein’s 507th amino acid, followed by the GGT sequence
for the glycine that normally follows phenylalanine.
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INTACT CFTR PROTEIN forms a chloride-permeable channel in the outer mem-
brane of many cells. The precise structure has yet to be determined, but move-
ment of chloride through the pore is known to be regulated by three cytoplasmic
domains of the protein. Passage is allowed only when the two nucleotide binding
domains dock with and cleave adenosine triphosphate (ATP) and when the regula-
tory domain becomes studded with phosphate groups.
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EPITHELIAL CELLS

Chloride is secreted into airway, and sodium is removed.

CFTR CHANNEL

= CHLORIDE -

AIRWAY

NORMAL LUNG

SODIUM e

Chiloride is barred from leaving cell, and sodium uptake is enhanced.

ABSENT OR DEFECTIVE

| CFTR CHANNEL \

#=CHLORIDE

SODIUM

LUNG AFFECTED BY CYSTIC FIBROSIS

MOLECULAR BASIS OF LUNG DISEASE in patients who have
cystic fibrosis is complex. In healthy individuals (top row),
the main epithelial cells lining the airways (left panel) dis-
play at least two types of channels at the surface facing the
air passage. One—the CFTR channel (red)—releases chloride
into the passage; the other (blue) takes up sodium. This ar-

SECTION OF EPITHELIUM AND AIR PASSAGE
Wet, thin mucus traps inhaled particles; cilia push mucus to throat for removal.
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CELLS PARTICLE

Mucus becomes thick and difficult to remove. Bacteria proliferate and
attract immune cells, which can damage healthy tissue. DNA released
from bacteria and lung cells adds to the stickiness.
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rangement somehow enables mucus made by other cells to
remain wet, thin and easy to remove from the airways (cen-
ter panel), and so the airways remain open (right panel). In
patients with cystic fibrosis (bottom row), absence or mal-
function of the CFTR channel prevents chloride movement
(left panel) and indirectly causes cells to take up extra sodi-

When folded, these ATPases generally
have four main structural parts, or do-
mains: two that span the membrane
(each of which contains several trans-
membrane segments) and two that
dwell in the cytoplasm. The last two
units, known as nucleotide binding do-
mains, take up and cleave ATP (the nu-
cleotide adenosine triphosphate) to ob-
tain the energy required for pumping.
The CFTR molecule was predicted to
take essentially the same shape and, as
will be seen, to have an added compo-
nent residing in the cytoplasm.

Based on the activities of the ATPas-
es, some researchers favored the hy-
pothesis that CFTR was an ATP-driven
pump that actively transferred some
substance into or out of epithelial cells;
the transported substance then induced
chloride transport across the cell mem-

brane through a separate channel. They
posited this complex scheme because
no known ion channels (such as would
be needed to move chloride more di-
rectly) resembled the predicted folded
structure of CFTR.

A second hypothesis proposed that
CFTR itself attached to chloride chan-
nels and influenced their activity. And
a third hypothesis held that CFTR might
serve directly as a chloride channel
even though its structure was unusual
for any ion channel recognized at the
time. In this scenario, the two mem-
brane-spanning domains would form
the pore through which chloride ions
passed across the membrane.

As the work advanced, the data con-
firmed the third idea: CFTR formed a
chloride channel on its own. We found
that transfer of a gene for CFIR into
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chloride-impermeable cells conferred
the ability to move that ion. If the gene
was first altered in ways that affected
parts of the CFTR protein thought to
help chloride move through the chan-
nel, the channel’s affinity for chloride
decreased; this effect was shown by our
colleague Matthew P. Anderson of the
University of Iowa. Any last doubts were
dispelled when Riordan and his col-
leagues inserted highly purified CFTR
proteins into artificial cell membranes
(lipid bilayers) containing no other
channellike proteins. Addition of the
protein allowed the ions to travel across
the membrane.

Subsequent investigations clarified
the function of the “extra” CFTR com-
ponent not found in traffic ATPases.
On the basis of certain short sequences
within that component, the mysterious
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BRONCHIAL TUBES AND BRONCHIOLES

Airways stay clear for breathing.

OPEN /

BRONCHIAL
AIRWAY

Airways become plugged and begin to deteriorate.

DAMAGED

/TISSUE

CLOGGED
AIRWAY

um (thick blue arrow). Then the mucus
becomes thicker and more resistant to
removal (center panel), and bacteria
trapped there flourish. Together these
changes plug the airways and lead to
their destruction (right panel).

segment was deduced to be a regulato-
ry domain—R—whose activity in the cy-
toplasm was controlled by the addition
and removal of phosphate groups. Var-
ious experiments, including those by
our colleagues Seng H. Cheng of Gen-
zyme and Devra P. Rich of the Universi-
ty of Towa, showed that when the R do-
main lacks phosphate groups, chloride
ions cannot flow into the channel pore.
But when chemical changes in a cell
(specifically, rising levels of cyclic AMP)
cause enzymes to dot the domain with
phosphate, the addition promotes chlo-
ride movement through the pore.

It is helpful, though overly simplistic,
to imagine that when the regulatory do-
main is not phosphorylated, it behaves
like a gate blocking the cytoplasmic
opening of the membrane pore. Addi-
tion of the phosphates somehow dis-
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places the domain (opens the gate), al-
lowing chloride ions to pass into the
pore. Other analyses have demonstrat-
ed that the nucleotide binding domains
influence the activity of the channel as
well. For ions to go through the pore,
those domains must bind to and prob-
ably cleave ATP.

How the Mutations Make Mischief

Knowing that the CFIR protein forms
a chloride channel and having some
idea of how the molecule functions
leaves an important question still to be
answered : Exactly how do mutations in
the CFIR gene lead to loss of chloride
transport? The effect of the most com-
mon DNA mutation—the deletion that
leads to omission of phenylalanine 508
from the CFTR protein—has been the
most extensively studied.

This deletion engenders what is
known as an intracellular trafficking de-
fect. Many proteins, among them the
normal CFTR molecule, are processed
after they are synthesized. They gain
some sugar groups in a cellular com-
partment called the endoplasmic retic-
ulum, after which they take up more
sugar in the Golgi apparatus before be-
ing dispatched to the cell membrane.
The mutant protein, in contrast, fails to
leave the endoplasmic reticulum. Its
travel is halted presumably because the
quality-control system in the endoplas-
mic reticulum discerns that the protein
is folded improperly. Proteins that are
identified as defective are marked for
degradation rather than being allowed
to undergo further processing.

Although the phenylalanine 508 mu-
tation is the most common one, hun-
dreds of others have now been iden-
tified in people with cystic fibrosis. As
is true of the 508 mutation, many of
these changes block the protein from
making its way to the cell membrane.
Some prevent the CFTR protein from
being made at all, and still others allow
the protein to be produced and insert-
ed into the cell membrane but bar the
CFTR molecule from operating proper-
ly. In the last instance, the mutations
may forestall chloride movement by
disrupting the function of a nucleotide
binding domain or by introducing a
flaw into the lining of the ion-trans-
porting pore.

In general, people whose cells carry
two copies of the gene bearing the phe-
nylalanine 508 mutation tend to have
severe disease, probably because little
if any of the mutated protein escapes
from the endoplasmic reticulum. In
people whose genes permit at least
some CFTR to reach the cell membrane
and to transport chloride to an extent,

Testing Dilemmas

Now that many genetic muta-
tions leading to cystic fibrosis
have been pinpointed, prospective
parents can easily find out whether
they are likely to be carriers of the
disease—that is, whether their cells
silently harbor a defective copy of
the CFTR gene. Couples can also
learn whether an already develop-
ing fetus has inherited two altered
copies of the gene (one from each
parent) and will thus be afflicted
with cystic fibrosis.

The difficulty for many people is
deciding how to proceed once they
receive their test results. The trou-
ble arises in part because the labo-
ratories that perform the genetic
analyses do not detect every muta-
tion in the CFTR gene. Consequent-
ly, a reassuring negative finding
may not fully rule out the possibili-
ty that someone is a carrier or is af-
fected with cystic fibrosis. (A favor-
able prenatal test result will be con-
clusive, however, if the fetus is
shown to lack the specific CFTR mu-
tants known to be carried by the
parents.) Moreover, it is not yet pos-
sible to predict the extent of symp-
toms in a person who inherits two
CFTR mutants; even if the inherited
genes are usually associated with
highly severe or less severe disease,
such associations do not necessari-
ly hold true in every individual.

Some couples may be tempted to
think that research will progress fast
enough to protect children born to-
day from the life-threatening lung
damage characteristic of cystic fi-
brosis. Yet medical investigations
often hit unexpected obstacles and
suffer setbacks before they achieve
their ultimate goals. Hence, although
it is probable that treatment will be-
come more effective—perhaps mar-
kedly so—in the coming years, no
one can foretell exactly when cystic
fibrosis will become significantly
easier to manage. Prospective par-
ents need to understand, therefore,
that a child born with cystic fibrosis
today will still have to cope with
the disease and may not be spared
a premature death.

Such uncertainties render deci-
sion making extremely challenging.
This is an exciting time in cystic fi-
brosis research, but it is also a trying
one for couples caught in the gap
between current technology and an-
ticipated advances that have not yet
become a reality.—M.J.W. and A.E.S.
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the residual activity can make for some-
what less severe symptoms. These pat-
terns do not always hold, however, and
so making predictions in individual cas-
es remains problematic. Indeed, two pa-
tients with exactly the same mutations
in both copies of their CFTR gene can
differ significantly in the extent of organ
damage they suffer. This divergence
arises because other genetic and envi-
ronmental factors that remain poorly
understood can probably influence the
course of the disease.

It is humbling to note that burgeon-
ing understanding of the genetic defects
has not yet fully explained how disor-
dered chloride transport in the lung
epithelium alters sodium transport and
how those changes result in the accu-
mulation of mucus in the bronchial pas-

BACTERIA that often cause severe infec-
tions in the lungs of patients with cys-
tic fibrosis include Staphylococcus au-
reus (top) and Pseudomonas aeruginosa
(bottom). Once the infections are estab-
lished, they almost invariably recur.
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sages. It has also been discovered that
submucosal glands—mucus producers
that lie below the surface epithelium—
produce a large amount of the CFTR
protein. What role do these glands play
in the disease? Scientists are further
puzzled by the fact that the airways of
patients with cystic fibrosis are predis-
posed to infection by some bacteria
more than by others. For instance, in-
fections by Pseudomonas aeruginosa
and Staphylococcus aureus are particu-
larly common. An understanding of
why certain organisms thrive is only
now beginning to emerge.
Investigators wonder as well whether
the CFTR protein has functions beyond
its role as a chloride channel. Among
the possibilities being considered is that
CFTR may help regulate chloride chan-
nels distinct from CFTR. Researchers
have also posited that the molecule
may indirectly alter the mix of sugars
on the epithelial surface in ways that
favor colonization by certain bacteria.

Strategies for Treatment

n spite of the unanswered questions,

the knowledge gained since 1989 has
already suggested several avenues for
attacking cystic fibrosis. One is to com-
pensate for the loss of the CFTR chlo-
ride channel by increasing the activity
of a different class of chloride channel.
For instance, channels controlled by
calcium ions are known to exist in the
lumen-facing surface of epithelial cells.
Those molecules usually fail to coun-
teract the loss of the CFTR channel,
but perhaps their chloride conductance
can be increased artificially. This possi-
bility is being tested in patients.

One day doctors also might deliver
purified CFTR proteins to the cells that
need them. Studies of cells in culture
have shown that the protein molecules
can correct chloride flow in cells carry-
ing a mutant CFTR gene. In theory, an-
other tactic would be to administer
drugs able to escort mutant CFTR mol-
ecules from the endoplasmic reticulum
through the Golgi apparatus and into
the cell membrane. This idea seems
worth pursuing because AF508 mutant
CFTR proteins that become stuck in the
endoplasmic reticulum usually function
fairly well when experimentally insert-
ed into the outer membrane of cells. At
present, however, we know of no drugs
that can correct the intracellular traf-
ficking abnormality. A different ap-
proach, not yet tested, would be to use
drugs to increase the activity of any
mutant CFTR channels that do find
their way into the cell membrane.

The treatment option attracting the
most attention, however, is gene thera-
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Py, which aims to deliver a normal copy
of the CFTR gene to the cells that need
it. If all goes well, the DNA inserted into
target cells should direct synthesis of
the normal CFTR protein and reverse
the primary biochemical abnormality
at the root of cystic fibrosis. Introduc-
tion of the gene is a favored approach
because it should replace all functions
of the CFTR protein, including any that
have not yet been recognized.

The best-studied method of gene
therapy exploits the ability of viruses
to enter cells, bringing their DNA with
them. We and others have paid special
attention to adenoviruses as gene carri-
ers, or vectors, because those microbes
are naturally able to infect human air-
ways but will usually produce relatively
innocuous disease, such as the common
cold. The adenoviruses are altered in
two ways: certain viral genes are re-
moved to prevent the virus from repro-
ducing in cells and causing symptoms.
And the excised DNA is replaced with a
normal CFTR gene. Our group, as well
as those of Ronald G. Crystal, then at
the National Heart, Lung and Blood In-
stitute, and James M. Wilson, then at
the University of Michigan, has demon-
strated that such vectors can deliver the
CFIR gene to cultured epithelial cells
and to airway cells in animals. What is
more, the cells use the DNA to synthe-
size CFTR molecules that function as
healthy chloride channels.

On the basis of such experiments,
several research groups have begun at-
tempting to deliver the CFTR gene to
patients via genetically engineered ade-
novirus vectors. The aim of these early
experiments is primarily to assess safe-
ty. Even so, we and others have also
tested the ability of a CFTR-bearing ade-
novirus to correct chloride transport in
the nasal epithelium of patients. We
chose the nasal epithelium because it is
similar to that of the bronchial passag-
es but is easier to reach.

Our first test was encouraging. For
experimental purposes, we applied the
altered virus directly to a small patch of
epithelium in the nose. The treatment
partially corrected chloride transport
for a time. Since then, however, a similar
study by us has been less successful,
and one by another group showed no
increase in chloride flow. These findings
indicate that adenoviral vectors need to
be improved substantially before they
can serve as gene-delivery agents in
therapy.

Even if ways are found to increase
the efficiency of gene delivery by the vi-
ruses, another challenge would remain.
Most cells in epithelial tissue are re-
placed every few months. Therefore,
gene therapy would probably have to
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Some Strategies for Treating Lung Abnormalities

The lung disease characteristic of cystic fibrosis can be at-
tacked at many levels. Potential strategies range from re-

ABNORMALITY

Mutation in CFTR gene

Defective delivery of CFTR
protein to outer cell membrane

Defective movement of chloride
ions through CFTR channels in
cell membrane

Clogging of air passages
by viscous mucus

Development of recurrent infections
that can damage lungs

Tissue damage caused by immune
response to bacteria

Destruction of lung

be administered a few times a year—at
least until the rare, long-lived cells that
give rise to the replacement cells can
be induced to take up a normal CFTR
gene permanently. Aside from inconve-
nience and expense, the need for multi-
ple treatments is a concern because peo-
ple respond to adenoviruses by mount-
ing an immune response that ultimately
eliminates the microbes and prevents
repeated infection. For gene therapy to
be successful, investigators will have to
find ways to “hide” the adenoviruses
from the immune system or to create
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APPROACH

Provide normal gene through gene
therapy; provide normal CFTR protein
to cells

Supply drugs able to escort protein to
cell membrane of epithelial cells

Deliver drugs that increase activity of
other classes of chloride channel
in epithelial cells

Pound back and chest to help clear
secretions; administer DNase and
other drugs to liquefy secretions

Deliver antibiotics to destroy bacteria
or provide antibodies (special molecules
of immune system) to remove microbes

Administer drugs that reduce harmful

effects of immune response

Transplant healthy lung

viral or other vectors that do not elicit
an immune response.

One appealing alternative to relying
on viruses would be to coat the thera-
peutic gene with fatty molecules that
are not recognized by the immune sys-
tem but that nonetheless enable the
DNA to enter cells. Recent studies con-
ducted on human patients by Eric Al-
ton and his co-workers at the Royal
Brompton Hospital in London suggest
this approach can restore chloride per-
meability to airway epithelium, although
this group, like ours, has so far studied

versing the genetic defect at the root of the pulmonary
problems to replacing a failed lung with a healthy one.

STATUS

Gene therapy is being tested in

preliminary clinical trials; methods for
protein delivery are inefficient

No candidate “escorts” have been

identified

Such drugs are being tested

in preliminary clinical trials

Chest percussion is standard therapy;

DNase is now in wide use, and similar
drugs are being tested in animals

Antibiotics are in wide use; antibodies

are being tested in preliminary
clinical trials

Steroidal anti-inflammatory drugs are

sometimes used; nonsteroidal anti-
inflammatory agents (mainly ibuprofen)
are being tested

Transplantation is sometimes an option

only nasal tissue. Moreover, delivery of
genes by nonviral systems needs to be
made more efficient.

Scientists have much to learn before
they understand exactly how loss of the
CFTR protein leads to the manifesta-
tions of cystic fibrosis. And a host of
technical challenges must be eliminat-
ed before any therapy will routinely
compensate for that loss. Nevertheless,
progress is being made on many fronts.
It is difficult not to be optimistic that
the ongoing work will produce improved
therapies within the next several years.
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