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ABSTRACT

Cystic Fibrosis (CF) is a common autosomal recessive disease that
affects multiple organs. The lack of an animal model with manifestations
like those typically found in humans has slowed understanding of its
pathogenesis. Therefore, because of the similarities between human and
swine anatomy, biochemistry, physiology, size, and genetics, we chose to
develop a porcine model of CF. We used homologous recombination in
primary cultures of porcine fibroblasts to disrupt the CFTR gene and then
used those cells as nuclear donors for somatic cell nuclear transfer. After
crossing heterozygous pigs, we produced CFTR�/� pigs. The newborn
CFTR null piglets manifested meconium ileus, pancreatic destruction,
early focal biliary cirrhosis, and gall bladder abnormalities that were very
similar to those observed in humans with CF. At birth, there were no
abnormalities in the airway epithelium or submucosal glands and no
evidence of inflammation, consistent with findings in the newborn human.
We hope that this porcine model will help elucidate the pathogenesis of CF
and thereby lead to the development of new mechanism-based therapies.

The term “cystic fibrosis of the pancreas” was coined in 1938 by
Dorthy Andersen (1). The hereditary nature of CF and its autosomal
recessive pattern of transmission were described soon after. In 1989,
investigators discovered the gene that is mutated in CF and named its
product the cystic fibrosis transmembrane conductance regulator
(CFTR) (2). We now know CF to be a common, lethal genetic disease,
with a carrier rate of approximately 5% in the Caucasian population (3,4).

Since the first descriptions of CF, physicians and scientists have
discovered that the disease affects many organs (for reviews, see (3,4)).
Early reports focused on destruction of the exocrine pancreas and
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resulting pancreatic insufficiency because of its severity and an inci-
dence of approximately 85%. Appreciation for the frequency and se-
verity of lung dysfunction soon followed, and today airway infection
and inflammation currently cause most of the mortality. Meconium
ileus, an intestinal obstruction, occurs in approximately 15% of new-
borns. Patients also lose salt in their sweat; this observation forms the
basis of the diagnostic sweat Cl� test. CF also causes gall bladder
disease, male infertility, chronic sinusitis and CF-related diabetes
mellitus. Liver disease that begins as focal biliary cirrhosis is currently
the second leading cause of death.

Progress and Hypotheses in CF Research

Recent years have brought substantial advances in our knowledge of
the genetic, molecular and cellular basis of CF (3–6). We know that
�1000 different mutations in the CFTR gene are associated with CF.
We have learned that CFTR is an anion channel regulated by phos-
phorylation of its R domain and by ATP binding and enzymatic activity
(ATPase and adenylate kinase activity) by its two nucleotide-binding
domains (7, 8). Although there are exceptions, the protein localizes
predominantly in the apical membrane of involved epithelia. Much has
also been learned about how CF-associated mutations alter protein
function, thereby disrupting Cl� transport across CF epithelia. In
addition, studies have suggested that CFTR may alter the function of
other transport processes (9).

Despite these advances, our understanding of the pathogenesis of
CF is limited. This is true for all CF organs, but is especially the case
for the lung disease. Numerous hypotheses have been invoked to
explain the pathogenesis of lung disease. In each case there are data
that support and often data that counter the hypotheses. Here we
list a few of the hypotheses; for references to the primary literature
and further description, the reader may wish to consult several
reviews (3, 5, 6, 10–15). a) Defective CFTR-mediated anion transport has
been hypothesized to increase airway surface liquid salt concentra-
tion, thereby impairing killing by airway antimicrobials. b) Abnor-
mally increased ENaC-dependent Na� absorption has been proposed
to dehydrate airway surface liquid, thereby impairing mucociliary
clearance. c) Defective CFTR-mediated transport of HCO3

� has been
proposed to cause defective alkalinization of airway surface liquid
impairing mucociliary clearance and bacterial killing. d) Loss of
CFTR channel function in submucosal glands has been proposed to
produce secretions with increased viscosity that impair mucociliary
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clearance. e) Loss of CFTR has been hypothesized to cause an in-
trinsic hyper-inflammatory state that predisposes to lung disease. In
addition, an overly exuberant inflammatory response to infection or
other challenges is hypothesized to influence the course of CF lung
disease. f) Defective CFTR Cl� channel function has been hypothe-
sized to impair acidification of intracellular organelles, including the
Golgi complex, thereby altering protein glycosylation, increasing
bacterial binding and altering other functions. g) Lack of CFTR Cl�

channels has been proposed to impair acidification of macrophage
and neutrophil phagosomes and hence reduce bacterial killing. h)
Lack of CFTR on the cell surface is hypothesized to disrupt bacterial
binding and hence their endocytosis and killing. i) Reduced oxygen-
ation of airway surface liquid is proposed to decrease the ability to
eliminate bacteria from the lung. j) Ceramide accumulation in CF is
proposed to contribute to the pathogenesis of the lung disease. k)
Loss of CFTR may decrease thiocyanate (SCN�) transport to the
apical surface thereby impairing production of bactericidal hypothio-
cyanite (OSCN�). l) CFTR is suggested to regulate a number of other
membrane and soluble proteins, and the lack of this interaction in
CF is hypothesized to lead to the disease or exacerbate its manifes-
tations.

Learning which of these hypotheses contribute to disease is impor-
tant, because the results may suggest mechanism-based therapies and
new strategies for treating CF lung disease. The same is true for
understanding pathogenesis in other organs affected by CF.

Current Models of CF

Clinical and histopathological studies of patients have long guided
thoughts about CF. These have had an enormous impact in improving
survival and the quality of life for patients. However, for understanding
the pathogenesis of the disease, clinical studies have limitations, because
observations are often obtained long after the onset of disease. Moreover,
many studies cannot be done in humans. As a result, the onset of changes
in the fetus, infants and patients at an early stage of disease are difficult
and/or impossible to discern or investigate. Later in the course of disease,
secondary changes resulting from infection, inflammation and other
manifestations may obscure the initiating factors.

To study and understand the complex and varied functions
of airway epithelia, investigators have developed cell culture
models (16–19). Human tracheal, bronchial and nasal airway epithe-
lial cells are seeded on permeable membrane supports and grown at
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the air-liquid interface. Over the course of approximately 2 weeks,
the cells differentiate into a polarized, pseudo-stratified epithelium
containing ciliated cells, goblet cells, non-ciliated columnar cells and
basal cells. These in vitro models exhibit many properties that are
comparable to in vivo human airway epithelia. These models have
the important advantage of flexibility, control of experimental con-
ditions and opportunities for intervention. They also allow the study
of epithelial function in the absence or presence of other cells such
as macrophages, fibroblasts and cells of the immune system. As a
result, in vitro models have proven exceptionally valuable for mech-
anistic studies in CF. However, in vitro models are limited in that CF
involves not just cells, but also organs and indeed, the whole
organism.

Mice, with targeted mutations in their CFTR gene (knock-outs and
knock-ins of various human mutations) have been developed with the
hope of generating an organism that mimics the clinical phenotype of
CF patients. However, during their limited lifespan, mice with tar-
geted CFTR modifications do not develop the airway disease that
typically occurs in humans with CF (20, 21). Mice also fail to develop the
pancreatic, vas deferens, liver, and gallbladder disease typically ob-
served in patients (20–22). Moreover, while intestinal abnormalities
occur in CFTR gene-targeted mice, the phenotype differs from the
meconium ileus in newborn humans. Many hypotheses have arisen to
explain why CF mice fail to reproduce the airway, pancreatic and other
disease manifestations found in humans, but they remain untested.
Thus, while gene-targeted mouse models have taught us much about
CF and have been invaluable for the field of research, they have been
limited in helping researchers understand the pathogenesis of CF.

Potential of a Porcine Model of CF

The failure to answer persistent research questions in CF and the
inability to offer better treatments to patients, has led investigators to
search for a new animal model. The sheep (23), monkey (24), ferret (25),
and pig (26) have each been studied in an attempt to develop a new CF
animal model. Each has advantages as a model.

We chose to investigate the pig as a CF model for several reasons (27).
First, swine are important for biomedical research on many human
diseases. Their organs share many anatomical, histological, physiolog-
ical, biochemical, immune and inflammatory responses with human
organs. This similarity is evidenced by the effort to develop porcine
organs for xenotransplantation (28, 29). Second, the porcine lung is an

152 MICHAEL J. WELSH ET AL



established model for the normal human lung, for assessing several
disease states (including infection), and for exploring therapeutics.
Third, the porcine lifespan offers an opportunity for investigating
disease pathogenesis and the efficacy of treatments. Fourth, the size of
a porcine CF model may allow testing of many interventions used in
humans. Fifth, the reproductive characteristics and relatively fast
maturation rate of swine are favorable for a model.

Strategy to Develop a Pig With a Targeted CFTR Gene

Two developments have allowed the production of gene-targeted
animals to become a standard procedure in mice. First, embryonic
stem (ES) cells are available for mice. Unfortunately, ES cells that can
form chimeras and contribute to the germ line had not been success-
fully developed for any other species (30) until the recent publication of
work with rat ES cells (31). Second, the ability to genetically modify the
genome has benefitted from the availability of numerous approaches
that can be adapted to mouse ES cells. In contrast, the gene targeting
efficiency of classical homologous recombination is extremely low in
somatic cells (23, 32). The development of somatic cell nuclear transfer
(SCNT) and the production of a cloned sheep in 1997 (33) provided a
strategy to overcome these obstacles to producing a gene-targeted pig.

To generate pigs with a targeted CFTR gene, we used fetal fibro-
blasts because they are one of the few cell types known to be suitable
for nuclear transfer. We initially delivered the targeting vector using
nuclear microinjection and electroporation. However, many cells had
random, non-homologous integrations, and we did not detect a cell
with correct targeting. We then turned to an adeno-associated virus
(AAV) vector. AAV vectors have been used to deliver targeting vectors
to cell lines and primary cells (34, 35). They have the advantage of
delivering single-stranded DNA to the nucleus; the amount of DNA per
cell is small; and they can infect fibroblasts. We designed a “null”

FIG. 1. Schematic of targeting constructs for CFTR-null homologous recombination.
Exons 8–11 of pig CFTR are depicted in black boxes. NeoR contains a neomycin resis-
tance cDNA driven by the PGK promoter and flanked by loxP sites. The engineered stop
codon is indicated. Adapted from (26), with permission.
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targeting construct to disrupt CFTR exon 10 with a neomycin resis-
tance cassette (NeoR) (Figure 1); exon 10 is required to produce a
functional CFTR protein. After screening infected cells, we identified
fibroblasts with a targeted CFTR allele (26). To produce CFTR�/�
heterozygote pigs, we used the targeted fetal fibroblasts as nuclear
donors for transfer to enucleated oocytes. The resulting embryos were
then transferred to surrogate sows. These animals delivered male
CFTR�/� piglets; Figure 2 shows the first heterozygote piglet.

Production of CFTR�/� Piglets

Once the CFTR�/� males reached sexual maturity, they sired nu-
merous litters of heterozygote offspring, both males and females. The
heterozygotes were then mated to produce CFTR�/�, CFTR�/�, and
CFTR�/� piglets in a ratio not significantly different from that ex-
pected for a Mendelian trait (36). These results suggest that as in
humans and mice, disrupting the CFTR gene did not reduce survival to
birth. In the CFTR�/� pigs, northern blot and quantitative RT- PCR
did not detect normal CFTR transcripts, and immunoprecipitation and
immunocytochemistry did not detect CFTR protein.

Meconium Ileus in Newborn CFTR�/� Piglets

In humans, the earliest manifestation of CF is meconium ileus,
an intestinal obstruction that occurs in approximately 15% of CF

FIG. 2. Photo of the first CFTR�/� piglet taken at one day of age. From (26), with
permission.
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infants (37,38). The obstruction is variably located throughout the small
intestine and colon, but often occurs near the ileocecal junction (39).
Distal to the site of obstruction, the small bowel and/or colon appear
small and sometimes atretic. Intestinal perforation in utero or follow-
ing birth occurs in some infants.

We found that all CFTR�/� piglets developed meconium ileus (36).
The site of obstruction ranged from the mid small intestine to the
proximal colon. Proximal to the obstruction, the small intestine was
distended with dark green meconium and proximal to that with gas.
Distal to the obstruction and extending through the descending colon,
the intestine was stenotic to atretic, consistent with the microcolon
found in patients with meconium ileus. Figure 3 shows a representa-
tive photomicrograph of the gastrointestinal system.

The changes of meconium ileus replicate findings in humans with
CF (3, 39) with one difference: the penetrance of meconium ileus was
100% in the CFTR�/� piglets, whereas it is approximately 15% in
human CF. The reasons for the more severe presentation include a
restricted genetic background in these pigs vs. humans and anatomical
or physiological differences between the two species.

Pancreatic Disease in CFTR�/� Piglets

Approximately 85% of patients with CF have exocrine pancreatic
insufficiency, the incidence is even higher in patients with two alleles
that severely disrupt CFTR function (3, 4, 37). The classical description
includes loss of exocrine lobular parenchyma with increased amounts

FIG. 3. Gross appearance of gastrointestinal tract. Piglets were fed colostrum and
milk- replacer for 30–40 h and then euthanized. Stomach (black*), small intestine
(arrowheads), pancreas (white arrow), rectum (white*), and spiral colon (black arrow)
are indicated. From (36), with permission.
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of connective tissue (40). Gross inspection of porcine CFTR�/� pan-
creas revealed an organ that lacked the creamy, white lobular pattern
of wild-type pancreas (Figure 3).

On microscopic examination, the parenchyma was reduced to
small, degenerative lobules with a corresponding increase in the
intervening loose adipose and myxomatous connective tissue stroma
(Figure 4). Residual acini had markedly reduced amounts of eosin-
ophilic zymogen granules. Centroacinar spaces, ductules and ducts
were variably dilated by inspissated eosinophilic material. Some-
times the luminal eosinophilic material formed concentrically lamel-
lar concretions. Pancreatic endocrine tissue was relatively intact and
spared from alteration. These changes parallel those observed in
humans with CF.

Liver Disease and Gall Bladder Abnormalities in CFTR�/�
Piglets

The most common hepatic disease in CF is focal biliary cirrho-
sis (41, 42). Although it can be found in early childhood and the

FIG. 4. Panel A: Loss of parenchyma in the CFTR�/� pancreas. H&E stain. Bars,
500 �m. Panel B: Ducts within the CFTR�/� pancreas. H&E stain, left; PAS stain,
right. Bars, 50 �m. From (36), with permission.
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majority of adults, the disease often remains clinically silent until
overt complications emerge related to portal hypertension or cirrho-
sis. Most areas of the porcine CFTR�/� liver had a normal appear-
ance like that of their CFTR�/� and CFTR�/� littermates. How-
ever, we observed infrequent, mild to moderate hepatic lesions,
including focal portal changes composed of chronic cellular inflam-
mation and bile ductule hyperplasia on a background of increased
portal connective tissue.

Cholelithiasis occurs in 15–30% of patients, and a small gallbladder
is a common autopsy finding (3). We found that porcine CFTR�/�
gallbladders were small and often filled with congealed bile. Micro-
scopically, luminal contents of gallbladders were composed of bile and
variable amounts of mucus. The biliary ducts had inspissated eosino-
philic material in mucosal recesses with luminal changes similar to
those seen in the gallbladder.

Lack of Airway Epithelial and Submucosal Gland
Abnormalities in CFTR�/� Piglets

In neonatal CFTR�/� piglets, the lungs lacked microscopic evidence
of cellular inflammation in the airways or parenchyma. The airway
epithelium and submucosal glands appeared similar in all three geno-
types, and we observed no evidence of dilated or plugged submucosal
gland ducts. Moreover, bronchoalveolar lavage in newborns revealed
no significant differences between cell counts or IL-8 levels in the three
genotypes.

Despite the absence of morphological abnormalities, the lack of
CFTR produced abnormalities in electrolyte transport characteristic of
those observed in CF airway epithelia (Figure 5). We measured trans-
epithelial voltage (Vt) across nasal epithelia as is frequently used as an
in vivo assay of CFTR function in humans (43). The baseline nasal Vt
was more electrically negative in CFTR�/� piglets than in their lit-
termates. Adding amiloride to the mucosal surface to inhibit ENaC
Na� channels reduced Vt in all genotypes. Subsequent perfusion of the
apical surface with a solution containing a low Cl� concentration
hyperpolarized Vt in wild-type and heterozygous animals, and adding
isoproterenol to increase cellular levels of cAMP produced a small
additional hyperpolarization. In contrast, there was no response to
these interventions in the CFTR�/� epithelia. Perfusion with ATP to
activate P2Y2 receptors and Ca2�-activated Cl� channels produced an
additional Vt hyperpolarization. Finally, perfusion with the CFTR
inhibitor, GlyH- 101 (44), depolarized Vt in CFTR�/� and CFTR�/�,
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but not CFTR�/� piglets. Although data from newborn humans with
CF is not available for a direct comparison, these results are qualita-
tively similar to those obtained in children and adults with CF and
indicate the lack of CFTR Cl� channel activity in the CFTR�/�
piglets.

Concluding Comments

The phenotype of the CFTR�/� piglets is similar to that of newborn
humans with CF. Abdominal lesions dominated the initial presenta-
tion in both, with meconium ileus, pancreatic destruction, early focal
biliary cirrhosis and abnormalities of the gall bladder and bile ducts.
The newborn pigs did not show evidence of airway inflammation or
infection. Determining whether airway disease develops with time and
how it might progress should prove very interesting.

Finding that disrupting the porcine CFTR gene reproduces several
of the major phenotypes observed in humans with CFTR mutations
provides hope that this model will provide investigators with new
opportunities to better understand the disease and to develop novel
prevention and treatment strategies.

FIG. 5. Average in vivo nasal voltage (Vt) measured in newborn pigs. After baseline
measurements, the following agents/solutions were sequentially added to the epithelial
perfusate: amiloride (100 �M), Cl�-free solution, isoproterenol (10 �M), ATP (100 �M),
and GlyH-101 (100 �M). Data from 4 CFTR�/� and 4 CFTR�/� piglets were not
statistically different and were combined and compared to data from 5 CFTR�/� piglets.
Values of baseline nasal Vt for CFTR�/� piglets differed from the controls, as did the
changes in Vt induced by adding amiloride, a Cl�-free solution, and GlyH-101. Data are
mean � SEM. From (36), with permission.
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DISCUSSION

High, Philadelphia: Beautiful work! So, how are you doing on breeding additional
pigs?

Welsh, Iowa City: The penetrance of meconium ileus is 100% in the CFTR �/� pig.
We are doing surgery to relieve the intestinal obstruction, but that and the post-op care
are a substantial effort. I think that in the long run, it will be best to find a non-surgical
way to circumvent the meconium ileus. We are taking several apporaches. One strategy
is to out-cross the CFTR-targeted pigs to pigs that have substantially different genetics.
A second apporach is to make a transgenic pig that is a knockout for CFTR, but
expresses CFTR selectivity in the intestine. There are other strategies we are also
considering.

High, Philadelphia: Do you know whether the delta 508 pigs have meconium ileus
at the same rate? Do you know that yet?

Welsh, Iowa City: In very preliminary experiments it looks like the answer may be
yes for CFTR�/�F508 pigs.

Chapman, Jackson: Very fascinating talk! Do you think these techniques could be
used for looking at the genetics of the phenotypic cystic fibrosis patients that we see in
adults but without the genotypic?

Welsh, Iowa City: That is a very good question. There is enormous variability in
patients. For example, if you have one child with CF that has meconium ileus,
and then you have a second child with CF, the chances that the second child will also
have meconium ileus are only about 30%. This suggests that despite having the same
CFTR mutations there are genetic modifers with substantial consequences for the
meconium ileus phenotype. Genetic modifiers also affect the lung disease. So use of
pigs with variations in their CF phenotype might provide a way to discover genetic
modifiers. If one could discover genetic modifiers that either make the disease better
or make the disease worse, those might become targets for development of new
therapeutics.

Alexander, Atlanta: I want to congratulate you on a spectacular tour de force.
Wonderful! I wanted to ask at the cell level, what do you now understand is wrong and
why the chloride transporter has such a profound effect?

Welsh, Iowa City: Well, I still do not understand the pathogenesis of the disease.
That is why I said I think this is still just the beginning. However, I am very hopeful that
future studies will help us understand how the loss of CFTR leads to disease in the lung
and in other organs.

Baum, New York: I just want to add my praise to the work, but I wanted to raise the
chicken and egg conundrum that you raised, being an infectious disease specialist. This
would seem to give you a real opportunity to do serial bacterial cultures, since the
bacteriology of this disease is pretty specific. It is either Pseudomonas or strep milleri
now, and are you doing serial bacterial cultures to see if you can get organisms before you
get the major inflammation?

Welsh, Iowa City: In CF lung disease, one thinks about Pseudomonas aeruginosa.
However, the first organisms involved are often Haemophilus influenzae and Staphylo-
coccus aureus, and Staph. aureus remains a big problem. Pseudomonas, Burkholderia,
Stenotrophomonas, and other organisms that colonize the CF lung are mostly opportu-
nistic pathogens. Patients with CF clearly have a host defense defect, but it is present
only in the lung. That defect is relatively mild compared to that of a child with severe
combined immunodeficiency (SCID), as children with CF may not present with a respi-
ratory infection until two months of age or two years of age or even later. Perhaps it
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takes two hits to trigger severe progressive lung disease. For example, a viral infection
or another insult combined with the impaired host defense defect might initiate severe
lung disease. However, I will add that there are many ideas about the mechanisms
responsible for the onset of the lung disease.
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