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antigens. Because we do not yet have sufficient
VLR and TLR complex structures to make sta-
tistically significant conclusions, and the number
of LRR modules in TLRs is much greater than in
VLRs, it may be too early to infer evolutionary
relationships between VLRs and TLRs.

The crystal structure of RBC36-ECD in com-
plex with the H-trisaccharide has provided struc-
tural insight into how VLRs recognize their
antigens and provides a basis for rational design
and modification of other antigen-specific VLRs.
This VLR-antigen structure sheds light on the
adaptation and evolution of primordial LRR pro-
teins into their more specialized roles in pathogen
recognition (e.g., TLRs) by the mammalian in-
nate immune system.
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Disruption of the CFTR Gene Produces
a Model of Cystic Fibrosis in

Newborn Pigs

Christopher S. Rogers,™* David A. Stoltz,* David K. Meyerholz,* Lynda S. Ostedgaard,*
Tatiana Rokhlina,® Peter . Taft,* Mark P. Rogan,* Alejandro A. Pezzulo," Philip H. Karp,3
Omar A. Itani,® Amanda C. Kabel,* Christine L. Wohlford-Lenane,* Greg ]. Davis,*

Robert A. Hanfland,® Tony L. Smith,®> Melissa Samuel,® David Wax,® Clifton N. Murphy,®
August Rieke,® Kristin Whitworth,® Aliye Uc,* Timothy D. Starner,* Kim A. Brogden,’
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Almost two decades after CFTR was identified as the gene responsible for cystic fibrosis (CF), we still
lack answers to many questions about the pathogenesis of the disease, and it remains incurable.
Mice with a disrupted CFTR gene have greatly facilitated CF studies, but the mutant mice do not
develop the characteristic manifestations of human CF, including abnormalities of the pancreas,
lung, intestine, liver, and other organs. Because pigs share many anatomical and physiological
features with humans, we generated pigs with a targeted disruption of both CFTR alleles. Newborn
pigs lacking CFTR exhibited defective chloride transport and developed meconium ileus, exocrine
pancreatic destruction, and focal biliary cirrhosis, replicating abnormalities seen in newborn
humans with CF. The pig model may provide opportunities to address persistent questions about CF
pathogenesis and accelerate discovery of strategies for prevention and treatment.

nderstanding human disease often re-
quires the use of animal models. Mice
have been the overwhelming species of
choice because methods for specifically altering
their genome have been readily available. How-
ever, in many cases, mice with targeted gene
manipulations fail to replicate phenotypes ob-
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served in humans—one example is cystic
fibrosis (CF).

In 1938, Dorothy Andersen coined the term
“cystic fibrosis of the pancreas” (7). Over the
ensuing years, investigators learned that CF in-
volved many other organs, including the intes-
tine, lung, sweat gland, liver, gallbladder, and male

genital tract (2—4). We now know CF to be a com-
mon, autosomal recessive disease with a carrier
rate of ~5% in Caucasians. In 1989, the gene
mutated in CF was identified, and its product was
named cystic fibrosis transmembrane conductance
regulator (CFTR) (). Soon thereafter, it was dis-
covered that CFTR is a regulated anion channel
that may also affect other transport processes (3).

Despite many advances, our understanding of
CF pathogenesis remains incomplete, thus hin-
dering the development of new therapies. This
begs the question: Why have we not made more
progress? Whereas superb clinical research has
guided thoughts about CF, interpretations about
pathogenesis are often based on observations ob-
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tained long after the disease onset, and many
studies cannot be carried out in humans. Cell-
based models have also proven valuable for re-
search (6) but are limited because the disease
involves a whole organism. Gene-targeted mouse
models have likewise been instructive about CF,
yet the mutant mice do not develop the pancre-
atic, airway, intestinal, or liver disease typically
found in humans (7-9).

To develop a new CF model, we chose pigs
because in terms of anatomy, biochemistry,
physiology, size, life span, and genetics, they are
more similar to humans than are mice (10, 11).
We used homologous recombination in fibroblasts
of outbred domestic pigs to disrupt the CFTR
gene and somatic cell nuclear transfer to generate
CFTR"™" pigs (12).

Fig. 1. CFTR”" piglets appear normal at A o B
birth. (A) Upper panel depicts insertion into C F&f R probe

porcine CFTR exon 10 of a phosphoglycer- exons 8 9 810 B 11

ate kinase (PGK) promoter (yellow) driving ToP —

a neomycin resistance cDNA (orange), and
an engineered stop codon. Position of
probe (green), PCR primers (arrowheads),
and Bglll sites (B) is indicated. The second
and third panels show genotyping by PCR
and Southern blot analysis of genomic
DNA. Lanes C1, C2, and C3 contain
controls of CFTR™*, *~, and ™ DNA,
respectively. The fourth panel shows
Northern blot analysis of ileal CFTR and
GAPDH mRNA. Consistent with the North-
ern blot, quantitative RT-PCR of exon 10
(the targeted site) detected <0.1% of CFTR
transcripts in CFTR™ ileum, relative to CFTR**

Northern

Southern PCR

At sexual maturity (~6 to 7 months), female
CFTR"™" pigs were bred to CFTR" males. Six lit-
ters produced 64 piglets. Genotyping (Fig. 1A) re-
vealed 18 CFTR™", 26 CFTR™", and 20 CFTR™~
animals, a ratio not significantly different from
the expected ratio of 1:2:1 (/3). Figure 1B shows
the first litter. Birth weights varied but did not
segregate by genotype (Fig. 1C). The piglets
looked normal at birth, and their genotype could
not be discerned by appearance. A normal appear-
ance is consistent with findings in humans.

Northern blot analysis and quantitative re-
verse transcription polymerase chain reaction
(RT-PCR) did not detect normal CFTR tran-
scripts (Fig. 1A). Immunoprecipitation de-
tected no normal CFTR protein. Like human
CFTR (14, 15), in wild-type (WT) tissue the

C1 €2 C3 ++ 4+ +l- +- - -

(n = 6 and 4 piglets, respectively). The
bottom panel shows immunoprecipitation
(IP) and phosphorylation of CFTR plus recom-
binant CFTR in baby hamster kidney cells.
(B) First litter containing piglets of all three
genotypes. (C) Birth weights. Mean + SD

IP/

porcine protein localized apically in airway
epithelia and ileal crypts (Fig. 1D).

We assessed CFTR function in vivo by mea-
suring transepithelial voltage (Vt) across nasal
epithelia (/6) (Fig. 1, E and F). As in humans w1th
CF, baseline Vt was hyperpolarized in CFTR”
piglets. Amiloride, which inhibits ENaC Na" chan-
nels, reduced Vt in all genotypes. To test for CFTR
channel activity, we perfused the apical surface
with a CI -free solution and added isoproterenol to
increase cellular levels of cyclic adenosine mono-
phosphate; these interventions hyperpolarized
nasal Vt in WT and heterozygous pigs, but not
CFTR™ animals. Perfusion with adenosine tri-
phosphate to activate P2Y?2 receptors and Ca*'-
activated CI” channels (/7) further hyperpolarized
Vt, and the response did not differ significantly

Phosphorylation

of weights: 1.31 + 0.24 kg for CFTR**
(orange), 1.35 + 0.28 kg for CFTR™"
(green), and 1.31 + 0.23 kg for CFTR™~
(blue) animals. (D) Immunocytochemistry
of CFTR in airway epithelia (top) and ileum
(bottom). Figures are differential interfer-
ence contrast with staining for ZO-1 (a
component of tight junctions, red), CFTR
(green), and nuclei (4°,6"-diamidino-2-
phenylindole, blue). See also fig. S1. Scale
bars, 10 um. (E) Tracings of in vivo nasal Vit
measured in newborn pigs. After baseline
measurements, the following agentsisolu-
tions were sequentially added to the
epithelial perfusate: amiloride (100 uM),
Cl"-free solution, isoproterenol (10 uM),
ATP (100 M), and GlyH-101 (100 uM).
(F) Average nasal Vt measurements as
indicated in (E). Data from four CFTR**
and four CFTR™" piglets (gray squares)
were not statistically different and were
combined and compared with data from
five CFTR™" piglets (blue circles). Values of
baseline nasal Vt for CFTR”™ piglets

Birth weight (kg) O

mV
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differed from the controls, as did the changes in Vt induced by adding amiloride, a Cl™-free solution, and GlyH-101 (all P < 0.05). Data are mean + SEM.
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between genotypes. Perfusion with the CFTR
inhibitor GlyH-101 (/8) depolarized Vt in
controls animals, but not in CFTR™”~ piglets.
These data reveal the loss of CFTR CI” channel
activity in newborn CFTR™ pigs. Whereas the
lack of data from newborn humans precludes a
direct comparison, our data qualitatively match
those from adults and children with CF (/6).

‘What phenotypes would be expected if new-
born CFTR ™ piglets model human disease? Figure
2A shows some human CF phenotypes and the
time spans when they become clinically apparent
(3, 19). The earliest manifestation (hours to 2
days) is meconium ileus, an intestinal obstruction
occurring in ~15% of CF infants (2, 3, 19, 20).
Obstruction can occur throughout the small
intestine or colon, but it is most often observed
near the ileocecal junction. Distal to the obstruc-
tion, the bowel is small and atretic (microcolon).
Intestinal perforation in utero or postnatally
occurs in some infants.

Newborn CFTR ™~ piglets failed to pass feces
or gain weight (Fig. 2B). By 24 to 40 hours of
age, they stopped eating, developed abdominal
distension, and had bile-stained emesis, which
are clinical signs of intestinal obstruction. We ex-
amined histopathology between birth and 12 hours
in piglets that had not eaten and between 24 and
40 hours in piglets that were fed colostrum and
milk replacer. Except as noted, the pathologic
changes refer to the earlier time period. After 30
to 40 hours, the stomachs of CFTR ™ piglets con-
tained small amounts of green, bile-stained milk
(Fig. 2C). The proximal small intestine was di-
lated by small amounts of milk and abundant gas.
The site of obstruction ranged from mid-distal
small intestine to proximal spiral colon, the ana-
tomical equivalent of the human ascending colon.
Perforation and peritonitis occurred in some piglets.
Dark green meconium distended the CFTR ™~ in-
testine, and adjacent villi showed degeneration and
atrophy, whereas CFTR™" ileum had long villi

A Pathology B
at birth Clinical manifestations 18 *
—+ male infertililN S14 CFTR +/+
+ liverdisease =
- respiraioHdECE— > '
- distal intestinal obstructive syndrome i 1
¥ pancreatic insufficiEncy § CFTR=/-
+ Wllfieconium ileus e
T T T T aALE & b hd 0 0.6+—m———————
birth 1 1 1236 12 510 30 0 10 20 30 40
day week months years Time following birth (h)
Time
Cc CFTR+/+ CFTR—/-

L S S ]

E'““”‘I" e —]

CFTR+/+

lleum

E  crires

Spiral Colon

Fig. 2. CFTR™” piglets develop meconium ileus. (A) Schematic shows some clinical and histopathological
CF manifestations. Pathological abnormalities are present before clinical disease becomes apparent. (B)
Weight after birth. Animals were fed colostrum and milk-replacer. n = 7 CFTR"* and 4 CFTR”" piglets.
Data are mean + SEM. *P < 0.05. (C) Gross appearance of gastrointestinal tract. Piglets were fed colostrum
and milk-replacer for 30 to 40 hours and then euthanized. Stomach, black asterisk; small intestine, arrow-
heads; pancreas, white arrow; rectum, white asterisk; and spiral colon, black arrow. Of 16 CFTR™" piglets,
the obstruction occurred in the small intestine in 7 animals and in spiral colon in 9. (D and E) Microscopic
appearance of the ileum (D) and colon (E). Hematoxylin and eosin (H&E) stain. Scale bars, 1 mm. Images
are representative of severe meconium ileus occurring in 16 out of 16 (16/16) CFTR”" piglets.
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(Fig. 2D). Distal to the meconium, luminal diam-
eter was reduced with mild-to-severe mucinous
hyperplasia, including mucoid luminal “plugs”
(Fig. 2E). These changes replicate those seen in
humans with CF (3, 19).

The penetrance of meconium ileus was 100%
in CFTR ™" piglets versus ~15% in human CF.
Potential explanations for this difference in-
clude a restricted genetic background in our pig
model versus that in humans, a null mutation in
the pigs versus mutations in humans that might
yield tiny amounts of protein function, and ana-
tomical or physiological differences [see footnote
Flin (13)].

Exocrine pancreatic insufficiency afflicts 90
to 95% of patients with CF (14, 19, 21, 22). The
porcine CFTR”" pancreas was small (Fig. 3A),
and microscopic examination revealed small, de-
generative lobules with increased loose adipose
and myxomatous tissue, as well as scattered-to-
moderate cellular inflammation (Fig. 3, B and C).
Residual acini had diminished amounts of eosin-
ophilic zymogen granules (Fig. 3D). Centroacinar
spaces, ductules, and ducts were variably dilated
and obstructed by eosinophilic material plus infre-
quent neutrophils and macrophages mixed with cel-
lular debris (Fig. 3E). Ducts and ductules had foci
of mucinous metaplasia. Pancreatic endocrine tis-
sue was spared (Fig. 3C). These changes are sim-
ilar to those originally described by Andersen and
others (/, 19, 21) in their studies of human CF.

Humans often require surgery to relieve meco-
nium ileus (3). We performed an ileostomy on
one CFTR™" piglet and three CFTR™" piglets.
Because of technical problems in postoperative care,
only one piglet (genotype CFTR ") out of the four
recovered. Once newborn infants recover from me-
conium ileus, the course of their disease resembles
that in other patients. Likewise, the piglet grew and
went on to develop pancreatic insufficiency. At 10
weeks, the piglet had an episode resembling ““distal
intestinal obstruction syndrome,” which was suc-
cessfully treated as in humans (3) [also see footnote
F2 in (/3)]. Although these observations were
based on a single animal, they bore a marked
resemblance to clinical observations of human CF.

Focal biliary cirrhosis is the second most com-
mon cause of CF mortality (3, 20, 23). The por-
cine CFTR™ liver revealed infrequent, mild-to-
moderate hepatic lesions (Fig. 3F). Chronic cel-
lular inflammation, ductular hyperplasia, and mild
fibrosis were typical of focal biliary cirrhosis.
Gallbladder abnormalities, including gallstones,
occur in 15 to 30% of patients, and a small gall-
bladder is a common autopsy finding (3). Similar-
ly, porcine CFTR ™~ gallbladders were small and
often filled with congealed bile and mucus (Fig.
3, G and H). Epithelia showed diffuse mucinous
changes with folds extending into the lumen.

Approximately 97% of males with CF are
infertile (3); the vas deferens is often normal at
birth, and obstruction is thought to cause progres-
sive deterioration [see footnote F3 in (/3)]. In all
piglets, the vas deferens appeared to be intact.
Paranasal sinus abnormalities occur in most chil-
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Fig. 3. CFTR™ piglets have exocrine pancreatic destruction and
liver and gallbladder abnormalities. (A) Gross appearance of
pancreas. Scale bar, 0.5 cm. (B) Loss of parenchyma in the
CFTR”™ pancreas. H&E stain. Scale bars, 500 pm. (C)
Pancreatic ducts and islets of Langerhans (arrowheads).
Scale bars, 100 um. (D) CFTR™" ductules and acini dilated by
eosinophilic inspissated material that formed concentrically
lamellar concretions (arrows and inset). H&E stain. Scale bars,
33 um. (E) Ducts within the CFTR™" pancreas. H&E stain, left;
periodic acid—Schiff (PAS) stain, right. Scale bars, 50 um. (F)
Microscopic appearance of liver. H&E stain. Arrows indicate focal
expansion of portal areas by chronic cellular inflammation.
Scale bars, 100 um. (G) Gross appearance of gallbladder. When
the CFTR™* gallbladder was sectioned, bile drained away rapidly
with collapse of the mucosal wall. CFTR™ bile was congealed
(arrow) and retained in the lumen of a smaller gallbladder. Scale
bar, 0.5 cm. (H) Microscopic appearance of gallbladder. CFTR™
gallbladders had congealed, inspissated bile (asterisk) with
variable mucus production (arrows, H&E stain) highlighted as
a magenta color in PAS stained tissue. Scale bars, 500 pum.
Images are representative of severe pancreatic lesions (15/15
CFTR™ piglets), mild-to-moderate liver lesions (3/15), and
mild-to-severe gallbladder/duct lesions (15/15).

Fig. 4. The lungs of newborn CFTIR™
and CFTR™* piglets appear normal.
(A) Microscopic appearance of lung
from piglets <12 hours old. H&E
staining. Scale bars, 1 mm (left) and
50 um (right). (B) Bronchial epithe-
lia and submucosal glands. H&E stain-
ing. Scale bars, 50 um. Images are
representative of the lack of lesions
in 15 out of 15 CFTR™".
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dren and adults with CF (3). Although CFTR "~
porcine paranasal sinuses showed no abnormal-
ities, this negative result is difficult to interpret
because it is unclear when sinus disease develops
in humans. The salivary glands, nasal cavity,
esophageal glands, kidney, heart, striated muscle,
spleen, adrenals, eyes, brain, skin, and eccrine
sweat glands on the snout revealed no abnor-
malities in CFTR™ piglets. In all tissues, we
observed no differences between WT and
heterozygous CFTR"" animals.

Lung disease is the major cause of CF mor-
bidity and mortality (2—4). The onset of clinical
respiratory manifestations varies, with some pa-
tients developing symptoms a few months after
birth and others after several years. Eventually,
most patients develop chronic airway infection
and inflammation that destroy the lung. The lungs
of neonatal CFTR™" piglets appeared similar to
those of their WT littermates. CFTR”~ lungs lacked
evidence of cellular inflammation in airways or
parenchyma (Fig. 4A). Airway epithelia and sub-
mucosal glands appeared similar in all three geno-
types, and we found no evidence of dilated or
plugged submucosal gland ducts [see footnote F4
in (/3)] (Fig. 4B). Bronchoalveolar lavage 6 to
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12 hours after birth showed no evidence of in-
fection, and there were no significant differences
between cell counts or levels of interleukin-8
(IL-8) across genotypes (figs. S2 and S3) (13).
Whether airway inflammation precedes infec-
tion in CF patients or vice versa has been a per-
sistent question. Studies of bronchoalveolar lavage
in infants and young children have both supported
and argued against the presence of inflammation
(increased IL-8 and neutrophilia) without infec-
tion (24, 25). In vitro airway epithelial models
have also given conflicting results (26, 27). Studies
of human fetal trachea transplanted into mice sug-
gested inflammation might occur in developing
CF airways (28). Although our data do not resolve
this controversy, we had the advantage of studying
lungs between birth and 12 hours of age, and we
found no evidence of abnormal infection or in-
flammation. Tracking the lungs as CFTR ™~ piglets
are exposed to additional environmental challenges
may inform our understanding of how respiratory
disease develops in children and young adults.
The clinical, electrophysiological, and patho-
logical findings in newborn CFTR”" pigs were
markedly similar to those in human neonates with
CF (table S1) (/3). Abdominal lesions dominate
the initial presentation in both, with identical ap-
pearance of meconium ileus and exocrine pan-
creatic destruction. In addition, as in humans, the
piglets have hepatic changes consistent with early
focal biliary cirrhosis and abnormalities of the
gallbladder and bile ducts. The lack of abnormal-
ities in the vas deferens and lungs at birth is an-
other similarity. Overall, these encouraging results

suggest that the pig model may provide inves-
tigators with further opportunities to study CF and
develop strategies for prevention and treatment.
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Seeding and Propagation of
Untransformed Mouse Mammary

Cells in the Lung

Katrina Podsypanina,* Yi-Chieh Nancy Du, Martin Jechlinger, Levi ]. Beverly,

Dolores Hambardzumyan, Harold Varmus

The acquisition of metastatic ability by tumor cells is considered a late event in the evolution of malignant
tumors. We report that untransformed mouse mammary cells that have been engineered to express the

inducible oncogenic transgenes MYC and Kras"*?

, or polyoma middle T, and introduced into the systemic

circulation of a mouse can bypass transformation at the primary site and develop into metastatic
pulmonary lesions upon immediate or delayed oncogene induction. Therefore, previously untransformed
mammary cells may establish residence in the lung once they have entered the bloodstream and may
assume malignant growth upon oncogene activation. Mammary cells lacking oncogenic transgenes
displayed a similar capacity for long-term residence in the lungs but did not form ectopic tumors.

etastatic dissemination of cancer cells,
the major cause of cancer mortality, is
traditionally viewed as a late-stage
event (/), although mammary epithelial cells have
been shown to disseminate systemically from ear-
ly neoplastic lesions in transgenic mice and from
ductal carcinoma in situ in women (2). There is
ample evidence that the ability of fully transformed
tumor cells to metastasize depends on the regu-
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lation of developmental programs and external
environmental cues (3—/7), but to what extent the
seeding or growth of tumor cells at the ectopic site
is dependent on the initiating transforming event(s)
is a subject of debate (/2). We have developed a
system that separates the process of seeding cells in
the lung from the process of malignant growth at an
ectopic site by using animals engineered to express
potent oncogenes in a doxycycline-dependent

mammary-specific manner. After intravenous
(IV) injection of marked mammary cells that have
different genetic potentials [no oncogenes, or on-
cogenes that will be expressed only after cells have
taken up residence in an ectopic site (the lungs)],
normal mammary cells can lodge in the lungs,
grow slowly, and become frank metastatic ma-
lignancies once potent oncogenes are turned on.
We recently described tri-transgenic 7etO-
MYC;TetO-Kras®'?:MMTV-rtTA (TOM;TOR;
MTB) mice that coordinately express MYC and
mutant Kras oncogenes in mammary epithelial
cells when fed doxycycline (/3). Doxycycline-
naive animals do not express the transgenic
oncogenes and have morphologically and func-
tionally normal mammary glands, but they de-
velop diffuse autochthonous tumors within 3 to 4
weeks after doxycycline exposure. Tumors that
form because of the expression of these onco-
genes display malignant characteristics, such as
transplantability and metastasis (fig. S1). There-
fore, this model provides primary mammary cells
that can be switched from a normal to a neoplastic
state with simple experimental manipulation.
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