AF508 CFTIR protein expression in tissues
from patients with cystic fibrosis
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Heterologous expression of the cystic fibrosis transmembrane conductance regulator (CFTR) provided
evidence that the major cystic fibrosis (CF) mutation AF508 leads to defective protein folding in the endo-
plasmic reticulum, which prevents its processing and targeting to the cell surface. In this study, we inves-
tigated endogenous CFTR expression in skin biopsies and respiratory and intestinal tissue specimens
from AF508 homozygous and non-CF patients, using immunohistochemical and immunoblot analyses
with a panel of CFTR antibodies. CFTR expression was detected at the luminal surface of reabsorptive
sweat ducts and airway submucosal glands, at the apex of ciliated cells in pseudostratified respiratory
epithelia and of isolated cells of the villi of duodenum and jejunum, and within intracellular compart-
ments of intestinal goblet cells. In AF508 homozygous patients, expression of the mutant protein proved
to be tissue specific. Whereas AF508 CFTR was undetectable in sweat glands, the expression in the res-
piratory and intestinal tracts could not be distinguished from the wild-type by signal intensity or local-
ization. The tissue-specific variation of AF508 CFTR expression from null to apparently normal amounts
indicates that AF5S08 CFTR maturation can be modulated and suggests that determinants other than

CFTR mislocalization should play a role in AF508 CF respiratory and intestinal disease.

J. Clin. Invest. 103:1379-1389 (1999).

Introduction

Cystic fibrosis (CF) is characterized by defective hydration
of exocrine secretions, resulting in mucus plugging in the
affected organs, and involves pancreatic insufficiency and
chronic airway infections as the major clinical manifes-
tations. The severe autosomal-recessive condition is
caused by mutations in the cystic fibrosis transmem-
brane conductance regulator gene (CFTR), which encodes
an epithelial low-conductance chloride channel. Of more
than 800 identified CFTR mutations the 3-bp in-frame
deletion of codon 508 is found worldwide in 70% of CF
chromosomes, thus making AF508 CFTR the most com-
mon lethal mutant in Caucasian populations (1).

The analysis of AF508 CFTR in different heterologous
systems revealed an abrogation of CFTR expression by
defective protein maturation. Mutant CFTR was found
arrested in an early wild-type intermediate, unable to
adopt a protease-resistant mature conformation (2-4)
that enables exit from the endoplasmic reticulum (ER)
and processing in the Golgi compartment. A prolonged
interaction of immature AF508 CFTR with the chaper-
ones calnexin (5) and hsp70 (6) indicated the recogni-
tion of the aberrant protein by the cell’s quality control
and resulted in premature degradation in a pre-Golgi
compartment by the ubiquitin-proteasome pathway
(7-9). Reduction of temperature (10) and addition of
chemical chaperones such as glycerol (11) and trimethy-
lamine-N-oxide (12) overcame impediments in the fold-
ing pathway of AF508 CFTR and allowed proper target-

ing, demonstrating that the mutant protein is still capa-
ble of assuming a mature conformation. However, at the
cell surface the chloride channel revealed a decreased
half-life (13, 14) and reduced open probability and sen-
sitivity to stimulation with cAMP agonists (10, 15-17).

In contrast to the in-depth analysis of the molecular
basis of the AF508 CFTR defect in heterologous model
systems, only very little data describe the impact of
impaired processing on the mutant phenotype of CF tis-
sues. The loss of immunohistochemical detectability of
AF508 CFTR in sweat glands and submucosal glands of
the larger airways are the only data that substantiated a
generalized protein-folding defect in the disease situa-
tion (18, 19). In this study, AF508 CFTR expression was
investigated in the CF-affected respiratory epithelia and
submucosal glands, in the intestine, and in sweat glands,
and revealed tissue-specific processing of the mutant
protein that ranged from an apparent wild-type-like sit-
uation to the abrogation of CFTR expression in CF
patients. These findings suggest that overcoming the
barrier of ER quality control alone will not be sufficient
to cure the AF508 CF defect in the patient.

Methods
Tissue samples

Eccrine sweat glands. Skin biopsies were taken from the right
shoulder of 5 healthy volunteers, 4 AF508 homozygous CF
patients, and 3 CF patients homozygous for the stop mutations
RS53X (n = 1) and G542X (n =2).
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Nasal polyps. CFTR immunoblot analysis was performed on
20 non-CF and 12 AF508 homozygous CF nasal polyps, from
which CFTR immunoblot analysis gave positive results in 5
non-CF and 6 AF508 homozygous CF specimens. CFTR
immunohistochemistry was carried out on an overlapping
panel of nasal polyp tissue specimens (8 non-CF and 10 AF508
homozygous CF specimens).

Submucosal glands. Submucosal glands were investigated from
1 non-CF and 1 AFS08 homozygous CF nasal polyp and in
bronchial tissue specimens from 3 non-CF and 3 AFS508
homozygous CF lung explants.

Intestinal tissue specimens. For immunohistochemistry, the
expression of CFTR was analyzed in 7 AF508 homozygous tis-
sue specimens taken from 3 newborn patients with meconium
ileus and 4 adult patients who required surgical intervention
because of meconium ileus equivalent. Five newborn patients
with different obstruction syndromes (e.g., gastroschisis and
exclusion of the mutation AF508), as well as 2 adult cancer
patients, were taken as non-CF controls. CFTR immunoblot
analysis was performed on a subgroup of 3 AF508 homozygotes
and 7 non-CF patients, both groups consisting of newborn and
adult patients. Rectal suction biopsies were taken from 4 non-
CF and 2 CF patients, one of whom was homozygous for AF508;
the other was homozygous for the deletion of exons 2 and 3.
Explicit consent was obtained from each individual.

Analysis of the mutation AF508. The deletion of a phenylalanine
at position 508 was determined by heteroduplex analysis (20).

CFTR antibodies. The rabbit polyclonal antibody PAC13 was
raised against a synthetic peptide corresponding to amino acid
1468-1480 (KEETEEEVQDTRL) of the COOH-terminus of
CFTR. Generation of the antibodies and purification were essen-
tially as described by Marino et al. (21). The antibody PAC865
was generated by using an Escherichia coli recombinant glu-
tathione-S-transferase fusion protein of amino acid 1202-1422
of the second nucleotide-binding fold (NBF) of CFTR. The pro-
tein was purified from inclusion bodies, solubilized in 8 M urea
and 2% SDS, and isolated prior to immunization from prepara-
tive polyacrylamide gels (22). Both antisera were purified by
immunoaffinity chromatography with the CFTR antigen, which
was coupled to activated Affi-Gel 10 agarose columns (Bio-Rad
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Figure 1
CFTR antibodies PAC13, PAC865, MATG1104, and M3A7 detect the char-
acteristic immunoreactive CFTR bands in immunoblot analysis of T84 cells.
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C refers to mature, complex-glycosylated CFTR; band B to the imma-
core-glycosylated isoform, and band A to nonglycosylated CFTR.

Laboratories Inc., Hercules, California, USA). After washing the
columns with S volumes 0.5 M NaCl, antibodies were eluted with
4.9 M MgCl; for the peptide and 50 mM diethylamine (pH 11.5)
for the recombinant CFTR antigen.

MATG1104 and MATG1061 were from Transgeéne (Strasbourg,
France), with CFTR epitopes at amino acid 722-734 and amino
acid 503-515 (AF508), respectively. C24-1 (Genzyme Pharmaceu-
ticals, Cambridge, Massachusetts, USA) recognizes a COOH-ter-
minal CFTR epitope at amino acid 1477-1480. M3A7 was made
available by J.R. Riordan (Johnson Research Center, Mayo Clinic
Scottsdale, Arizona, USA) and raised against the second CFTR
NBF from amino acid 1195-1480. All monoclonal antibodies are
affinity purified on protein G or A. Antibody dilutions refer to
stock solutions of 1 mg/mL.

Other antibodies and immunodetection components. Antibodies
against alkaline phosphatase, y-adaptin, and isotype controls
(IgGik, IgGaa) were from Sigma Chemical Co. (St. Louis, Mis-
souri, USA). Antibodies against giantin, p63, and Na*/K*-
ATPase were a kind gift from H.-P. Hauri (Biozentrum, Basel,
Switzerland). Anti-lysozyme was from DAKO Corp. (Ham-
burg, Germany). Biotin-SP-conjugated goat anti-mouse, goat
anti-rabbit F(ab'), IgG (H+L), streptavidin/FITC, and strep-
tavidin/Cy3 were from dianova (Hamburg, Germany).
Biotinylated alkaline phosphatase and horseradish peroxidase
streptavidin complexes, diaminobenzidine tetrahydrochloride
(DAB), and New Fuchsin were from DAKO Corp.

Immunobistochemistry. Tissue specimens were cryofixed in lig-
uid nitrogen, embedded in OCT (Miles Inc., Elkhart, Indiana,
USA) before taking 5-im cryosections, air dried, and fixed for
S minutes at -20°C in methanol or for 10 minutes at room
temperature in acetone. Alternatively, fixation was carried out
in formaldehyde for standard paraffin embedding and analy-
sis of 4-pm sections. Immunohistochemical analysis was per-
formed in the different tissues using indirect immunofluores-
cence (FITC and Cy3) and enzymatic methods with the
following optimized CFTR antibody dilutions: M3A7 for
immunofluorescence 1:10-1:50, for enzyme-mediated detec-
tion in cryosections 1:50-1:200; MATG1104 for immunoflu-
orescence 1:200-1:400, scattered cells in submucosal glands
antibody dilution up to 1:800, for enzyme-mediated detection
in cryosections 1:1,000-1:2,500; MATG1061 for immunoflu-
orescence 1:200-1:400, for enzyme-mediated detection in
cryosections 1:300-1:1,000; PAC13 for immunofluorescence
1:200-1:400, for enzymatic detection in paraffin-embedded
tissue specimens 1:50; PAC865 for immunofluorescence 1:200;
C24-1 for immunofluorescence 1:50-1:100. Indirect immuno-
fluorescence was performed as described previously (23). Enzy-
matic detection was carried out in the same way, but by using
either streptavidin/biotinylated horseradish peroxidase or
streptavidin/biotinylated alkaline phosphatase complexes, or
the APAAP method. DAB/nickel chloride or New Fuchsin was
used as substrate. Endogenous enzyme activities were blocked
by a 20-minute preincubation in 80% methanol/0.6% hydro-
gen peroxide (horseradish peroxidase) or with 0.2 mM lev-
amisole (alkaline phosphatase). Methodical negative controls
were performed in parallel for all specific labeling by omitting
the primary antibody and replacing it with the isotype control
or the preimmune serum, or by peptide competition. For the
later, 1 pg of CFTR antibody in the dilution used was prein-
cubated for 1 hour at 20°C with an excess of CFTR antigen (5
Mg). CFTR specificity was further demonstrated by the absence
of specific signals in internal negative controls (CFTR-negative
tissue specimens). Three skin biopsies from patients homozy-
gous for the CFTR stop mutations R5S53X and G542X and 1
rectal suction biopsy homozygous for an out-of-frame deletion
of exons 2 and 3 (biopsy and mutation analysis provided by F.
Mekus, Medizinische Hochschule Hannover) that results in a
stop in exon 4 were analyzed by CFTR immunohistochemistry
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and compared with non-CF and AF508 homozygous CF tissue
specimens. Counterstaining was with Harris hematoxylin
(Sigma Chemical Co.), except in horseradish peroxidase
/DAB-labeled paraffin sections, which were not additionally
stained. The fluorescence-labeled sections were mounted in
citifluor antifading solution (Agar Scientific Ltd., Stansted,
United Kingdom), the others in DPX (Fluka; Sigma-Aldrich
Chemie GmbH, Deisenhofen, Germany), and observed with an
Axiophot microscope (Carl Zeiss Optische Systeme, Gottin-
gen, Germany) using epifluorescence and Nomarski differen-
tial interference illumination. Immunofluorescence analysis
was performed by using the following filters. FITC: BP 450-490
nm, FT §10 nm, LP 515-565 nm; Cy3: BP 510-560 nm, FT 580
nm, LP 590 nm. Fluorescence exposure times for CFTR
immunolabeling were in the range of 15-60 seconds. Specific
staining and negative controls were always photographed
under identical conditions (filters, microscope magnification,
and fluorescence exposure time).

Immunoblotting. For protein preparations, the intestinal
mucosa was detached from the submucosa using a scalpel or
EDTA (24). The isolated mucosal and T84 cells were broken up
by ultrasound. Nasal polyps were homogenized with Ultraturrax.
Microsomal vesicle and apical membrane preparations were per-
formed as described by Langridge-Smith (25) in the presence of
protease inhibitors (pefabloc, EDTA, EGTA; [Merck KG, Darm-
stadt, Germany], trypsin inhibitor, leupeptin, aprotinin [Sigma
Chemical Co.]). Samples were prepared for electrophoresis by
adding concentrated sample buffer; they were then incubated for

paraffin section

non CF Figure 2

CFTR expression in sweat glands.
Immunohistochemical CFTR labeling
in cryosections of skin biopsies with
M3A7 (1:200; 1a and 1b) and
MATG1104 (1:2,500; 2a and 2b)
and in paraffin sections with PAC13
(1:50; 3a and 3b), and detection
with alkaline phosphatase/New
Fuchsin. The different antibodies cor-
respondingly demonstrate CFTR
expression at the luminal surface of
the reabsorptive duct of sweat glands
in non-CF, but not AF508 homozy-
gous, CF tissue specimens. Absence
of the specific immunoreactive sig-
nals in different negative controls.
(1c) lIsotype control: M3A7 was
replaced by I1gGi; (2¢) internal nega-
tive control:  MATG1104 was
employed for investigation of skin
biopsies from patients with 2 null
alleles (R553X/R553X); (3c) preim-
mune serum: the polyclonal CFTR
antibody PAC13 was replaced by the
preimmune serum of the same rab-
bit. X1,453.

AF508 CF

negative
control

pre-immune serum
paraffin scction

10 minutes at 37°C and separated by a 6% SDS-PAGE. After
transfer onto nitrocellulose membranes (BA 85; Schleicher &
Schuell GmbH, Dassel, Germany), immunodetection was per-
formed by sequential incubations a,b,c, with 2 pig/ml of the par-
ticular primary CFTR antibody (MATG1104, M3A7, PAC13,
PAC865) (a), biotinylated anti-mouse or anti-rabbit IgG as sec-
ondary antibody (b), and streptavidin-conjugated alkaline phos-
phatase (c). Finally, the chemiluminescence substrate CDP-star
was added which was dephosphorylated according to the instruc-
tions of the manufacturer (TROPIX; Boehringer Ingelheim Bio-
products Partnership, Heidelberg, Germany). Chemilumines-
cence was detected by exposure to x-ray film (Reflection
NEF-496, Du Pont de Nemours, Deutschland, Bad Homburg,
Germany). Deglycosylations were for 3 hours at 37°C in the pres-
ence of the protease inhibitors mentioned previously. Specifici-
ty of immunolabeling was demonstrated by different negative
controls: omission of the primary antibody, peptide competition
(preincubation of 1 pg antibody with S g CFTR immunogen for
1 hour at 20°C), and absence of the specific immunoblot signals
in a CFTR-negative human tracheal cell line (demonstrated by
RT-PCR) and Chinese hamster ovary (CHO) cells.

Results

CFTR antibodies. For the investigation of CFTR protein
expression in patients’ tissues, we selected an antibody
panel with epitopes spread over the CFTR protein (Fig-
ure 1). Specificity for CFTR immunoblot was shown by the
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Figure 3

CFTR expression in the airways. (a) CFTR immuno-
fluorescent labeling of pseudostratified areas of the
surface epithelium of nasal polyps from non-CF
(1-3) and AF508 homozygous CF patients (4-9) with
MATG1061 (Ta and 1b, 4a and 4b; dilution 1:200),
MATG1104 (2a and 2b, 5a and 5b; dilution 1:200),
and PAC865 (3a and 3b, 6a and 6b; dilution 1:200).
Bottom row: Specificity is demonstrated by different
negative controls. (7a and 7b) Peptide competition:
1 Hg MATG1061 (1:200) was preincubated with 5
Hg of CFTR peptide 503-515, A508; (8a and 8b) iso-
type control: MATG1104 was replaced by 1:200 dilu-
tion of IgGix; (9a and 9b) preimmune serum: the
protein A affinity-purified polyclonal antibody
PAC865 was replaced by the protein A affinity-puri-
fied preimmune serum (dilution 1:200) from the
same rabbit. “a” panels show Nomarski view of indi-
rect CFTR immunofluorescence in “b” panels. Fluo-
rescence exposure times: left column = 15 sec; mid-
dle column = 15 sec; right column = 30 sec. x2,420.
(b) CFTR expression in airway submucosal gland
ducts. CFTR immunolabeling was found in scattered
cells of the duct of submucosal glands in non-CF (1a
and 1b, 2a and 2b) and AF508 homozygous CF (3a
and 3b, 4a and 4b) tissue specimens and is demon-
strated with CFTR antibodies MATG1104 (1a and
1b, 3a and 3b; 1:200) and M3A7 (2a and 2b, 4a and
4b; 1:50). In 5a and 5b, anti-CFTR antibody was
replaced by nonspecific 1gGi (1:50). “a” panels
show Nomarski view of indirect immunofluorescence
in “b” panels. X2,516. In the insets, the localization
of wild-type and AF508 CFTR immunoreactive sig-
nals at the apex of epithelial cells is resolved at high-
er magnification.
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characteristic immunoreactive bands at approximately
190 kDa and 170 kDa, which could be discriminated by
deglycosylation with N-glycosidase F and endoglycosidase
H into mature and core-glycosylated CFTR (see Figure 5).
Suitability for immunocytochemistry was demonstrated
by the established CFTR expression pattern, characterized
by apical immunolabeling of filter-grown T84 cells (26),
pseudostratified respiratory epithelia (23, 27), the luminal

M3AT MATGI104 M3AT TeGy,
non CF AF508 CF AF508 CF non CF

surface of submucosal glands (18), liver bile ducts (28),
and reabsorptive ducts of sweat glands (19, 29). Specifici-
ty of immunoreactive signals was confirmed for all inves-
tigated non-CF and CF tissues by the generally accepted
negative controls: omission of CFTR antibody, replace-
ment by the preimmune serum or isotype control, or pep-
tide competition. For examples, see Figure 2, Figure 3a
(bottom rows), Figure 4d (1a, 1b), and Figure 5c (30).
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Figure 4
CFTR expression in the intestine. (a) CFTR immunoreactive signals of the intes-
tine are absent in an internal negative control, a tissue specimen homozygous for
2 null alleles. CFTR immunoanalysis of a rectal biopsy from a patient homozy-
gous for an out-of-frame deletion of exon 2 and 3 (2a and 2b) in comparison
with non-CF (1a and 1b) and AF508 homozygous CF patients (3a and 3b), using
CFTR antibody MATG1104 (1:200). Fluorescence exposure times for 1b, 2b, and
3b were 30 sec. “a” panels show Nomarski microscopy of indirect CFTR immuno-
fluorescence in “b” panels. x1,241. (b) General view of CFTR labeling patterns
in duodenum, jejunum, and ileum of adult non-CF intestine (1-3) and newborn
ileum from a CF patient suffering from meconium ileus (4b) with CFTR antibody
PAC865 (1:200). Fluorescence exposure times for duodenum: 15 sec; jejunum:
30 sec; adult non-CF ileum: 30 sec; newborn AF508 CF ileum: 30 sec. “a” pan-
els show Nomarski microscopy of indirect CFTR immunofluorescence in “b” pan-
els. x616. (c¢) CFTR immunolabeling of the intestine was compared with the sig-
nal pattern of marker proteins of different cellu-
lar membranes. CFTR expression in isolated intes-
tinal cells of the villi in duodenum and jejunum
(2a and 2b, arrow; MATG1104, 1:200) appears
apical when compared with a marker of the lumi-
nal cell membrane of intestinal villi (1a and 1b;
alkaline phosphatase). Similar immunoreactive
labeling patterns of CFTR (4a and 4b; PAC13,
1:200) and a marker protein for the ER (3a and
3b; p63) in intermediate crypts of jejunum, label-
ing of both proteins predominantly within mucus-
secreting cells. Identical CFTR immunoreactivity
in deep crypts of the ileum of non-CF (5a and 5b;
PAC865, 1:200) and AF508 homozygous CF
patients (6a and 6b; PAC865, 1:200). Fluores-
ilcum cence exposure times: 1b = 20 sec; 2b = 60 sec; 3b
ATSISCT (meconfum i) _ 60 sec; 4b = 30 sec; 5b = 15 sec; 6b = 15 sec.
“a” panels show Nomarski microscopy of indirect
CFTR immunofluorescence in “b” panels. x2,467.
(d) CFTR immunolabeling in paraffin-embedded
intestinal tissue specimens with PAC13 (1:50) and
signal detection with horseradish peroxidase and
DAB/nickel chloride as chromogen substrate.
CFTR immunolabeling within intestinal goblet
cells (1a) was forced out by peptide competition
with CFTR immunogen (CFTR 1468-1480) (1b).
Comparison of CFTR immunolabeling of non-CF
(2a) and AF508 homozygous CF ileum (2b) in
CFTR,nonCF  CFTR, AF508 CF general view. CFTR immunolocalization within
destaill crypt detail crypt . . . . .
goblet cells in a high-magnification view demon-
strates that CFTR signals are intracellular (3b)
and overlap with the spatial distribution of the
trans-Golgi network, as indicated by y-adaptin
immunolabeling (3a). CFTR labeling within gob-
let cells is indistinguishable in subcellular local-
ization and intensity in non-CF (4a and 5a) and
AF508 homozygous CF tissues (4b and 5b). 1a,
1b, 2a, 2b: x616. 3a, 3b, 4a, 4b, 5a, 5b: x6,168.

CITR AFSIE CT CITR AFSR CF

CFTR localization in non-CF and AF508 CF tissues as in tissue specimens from AF508 homozygous CF

(see Table 1)

patients (n = 4), CFTR expression appeared absent in
immunohistochemistry with all CFTR antibodies (Figure

Eccrine sweat gland. In the sweat gland, CFTR immunore-  2). This discrimination of CFTR expression in AF508 CF
activity was found in the apical domain of luminal reab- ~and non-CF sweat glands corresponds with the findings
sorptive duct cells of non-CF skin biopsies (n = 5), where-  of Kartner et al. (19). Specificity of CFTR immunolabel-
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Figure 5

Immunoblot analysis of CFTR expression
in nasal polyps and the intestine of non-CF
and AF508 homozygous CF patients. Dis-
crimination of CFTR glycoforms by degly-
cosylation (generation of unglycosylated
band A) with N-glycosidase F and endogly-
cosidase H; the latter reacts with core-gly-
cosylated CFTR (band B) but not with
mature CFTR (band C). Deglycosylations
were for 3 hours at 37°C in the presence of
protease inhibitors. (a) The major CFTR
immunoreactive bands of non-CF and
AF508 homozygous CF nasal polyps and
intestinal tissue specimens were indistin-
guishable from complex-glycosylated band
C of T84 cells. In the intestine, CFTR
expression was highest in membrane
preparations from duodenum and
decreased in tissue specimens from
jejunum and ileum. Immunodetection was
performed with MATG1104 (1:500). (b)
Complex modification of the major CFTR
immunoreactive signal of AF508 homozy-
gous CF intestine (right) is demonstrated
by sensitivity to N-glycosidase F and resist-
ance to endoglycosidase H, as is the case
for mature CFTR of control non-CF intes-
tine (middle) and T84 cells (left). Immun-
odetection with M3A7 (1:500). (c) Speci-
ficity of the immunoreactive bands from
intestinal tissue specimens for CFTR is
demonstrated by the characteristic mobil-
ity shifts in deglycosylation assays with N-
glycosidase F and endoglycosidase H and
by peptide competition for antibody bind-
ing with the CFTR immunogen. (1) From
adult non-CF duodenum; (2) from
jejunum of the same patient; (3) from
adult ileum of a AF508 homozygous CF
patient. “a” lanes show deglycosylation of
the membrane preparations with N-gly-
cosidase F. “b” lanes show peptide com-
petition with the CFTR immunogen (1 g
MATG1104 preincubated at 20°C with 5
pg CFTR peptide 722-734). Immunode-
tection with MATG1104 (1:500).

N-glycosidase F

N-glycosidase F
endoglycosidase H

CTTR peptide
MN-glycosidase F

1384

ing was demonstrated by common negative controls and
the absence of specific signals in skin biopsies homozy-
gous for the stop mutations G542X and R553X (n = 3).

Airways. CFTR expression was investigated in the
epithelium of nasal polyps, which reflects the morphol-
ogy and CFTR expression pattern of the upper and lower
airways’ surface epithelium (Figure 3a). Immunolabel-
ing of wild-type (n = 8) and AF508 CFTR (» = 10) was
compared in areas of pseudostratified respiratory epithe-
lium, because dedifferentiation to a hyperplasia or meta-
plasia was associated with an intracellular localization or
absence of CFTR protein (27).

In nasal polyps, CFTR expression was found in the api-
cal domain of ciliated cells and could be confirmed by
enrichment of the protein in apical vesicle preparations.
CFTR immunoreactivity and signal intensity were indis-

y ’
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wt AF508 wt AF308 wt  wt wi
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tinguishable in non-CF and AF508 homozygous CF nasal
polyps. CFTR immunolocalization in the nasal epitheli-
um of a AF508 homozygous patient appeared highly sim-
ilar to the labeling pattern of an apical marker protein,
the alkaline phosphatase, but completely differed from
the signal pattern of the ER resident protein p63.
Variations in method, such as the alternative immuno-
labeling with green or red fluorophores (FITC and Cy3)
or immunodetection with enzyme-mediated chromogen
labeling, had no influence on the staining pattern.
Submucosal glands. In submucosal glands of nasal polyps
and bronchi, we found an apical CFTR immunolabeling in
the duct and acini of the glands, where signals were detect-
ed in lysozyme-positive serous cells (Figure 3b). In addition
to this surface labeling, we detected an intensive CFTR
immunoreactivity in scattered cells of the gland duct.
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These strongly CFTR-positive cells had been described pre-
viously at the CFTR mRNA and protein level (18).

The analysis of CFTR expression in submucosal glands
from AF508 homozygous patients led to the reliable detec-
tion of the mutant protein in the apex of these scattered
cells of the gland duct using the CFTR antibodies M3A7
and MATG1104. CFTR labeling on the surface of the
AF508 homozygous gland acini was found in only 2 out of
4 tissue specimens (C24-1, MATG1104). In a single acinus
of these glands, we found a similar apical CFTR immunore-
activity with M3A7. In the other AF508 homozygous tissue
specimens, CFTR immunolabeling in the submucosal
glands appeared very weak or absent. In non-CF patients (»
=4), clear CFTR signals were found in the acini of 2 speci-
mens, while CFTR expression of the other glands was very
low. In the non-CF and AF508 homozygous CF tissue spec-
imens where we could detect CFTR expression, immunore-
active signals were indistinguishable.

The CFTR expression patterns of submucosal glands
are in agreement with the findings of Engelhardt et al.
(18), although in Engelhardt’s study mutant CFTR was
not detectable in the 4 analyzed AF508 homozygous lung
explants. The unequal detection rates of AF508 CFTR
immunoreactive signals could reflect the limited number
of specimens investigated in both studies and/or the
influence of dedifferentiation (27) on CFTR expression,
indicating the need for a sufficiently large panel for the
analysis of the inherently variable tissue specimens.

Intestine. Immunoreactive CFTR signals could be
detected in intestinal goblet cells irrespective of the sec-
tion of the intestine (from duodenum to rectum) or the
age of the patient (Figure 4). The intensity of immunore-
activity was most prominent in duodenum and
decreased in the more distal intestine. CFTR localization
within the cell was compared with cellular marker pro-
teins. The apical and basolateral cell membranes, the ER,
the Golgi complex, and the trans-Golgi network were
labeled with antibodies against alkaline phosphatase,
Na*/K*-ATPase, p63, giantin, and y-adaptin, respective-
ly. The CFTR signal pattern was similar to the
immunoreactive tracings of the ER, Golgi complex, and
the trans-Golgi network, suggesting an intracellular
CFTR expression along the secretory compartments of

intestinal goblet cells. The investigation of CFTR local-
ization in the more conserved morphology of paraffin-
embedded tissue sections revealed an extension of CFTR
immunoreactivity from the basal pole of the cell to the
region of the early secretory vesicles but excluded the
nucleus and the mucus-filled granules of the goblet cell.
The comparison of wild-type (n = 11) and AF508 CFTR
expression (n = 8) demonstrated an identical cellular dis-
tribution in the investigated intestinal sections. Non-CF
and CF signal intensities and intracellular localization
could not be differentiated by enzymatic or immuno-
fluorescence analysis.

Besides the intracellular CFTR labeling in mucus-
secreting cells, an apical CFTR immunoreactivity was
found in scattered enterocyte-like cells of the villi in tis-
sue specimens from the duodenum and jejunum, which
were only accessible from non-CF patients. These
immunoreactive CFTR signals could be ascribed to an
already known CFTR-positive, but otherwise ill-defined,
cell type that differs from nutrient-absorbing enterocytes
and other characterized intestinal cell populations (31).

Specificity of the immunoreactive signals in the intes-
tine was demonstrated by the common negative controls
and the absence of the specific labeling pattern in a rectal
biopsy from a CF patient homozygous for an out-of-frame
deletion of exons 2 and 3, in contrast to CFTR labeling of
the crypts in the corresponding tissue specimens of non-
CF and AF508 homozygous CF patients (Figure 4a).

CFTR immunoblot analysis in non-CF and AF508 CF nasal
polyps and intestine. CFTR expression was investigated by
immunoblot in microsomal membrane preparations
from non-CF (n = 20) and AF508 homozygous CF (n =
12) nasal polyps and intestinal mucosa cells (non-CF:
7, AFS08/AF508: n = 3) (Figure 5). A diffuse
immunoreactive band of approximately 190 kDa corre-
sponded with mature CFTR, and a sharp band with
slightly enhanced electrophoretic mobility related to the
core-glycosylated protein of T84 cells, both of which
were absent in all negative controls. The limited amount
of protein in sweat gland preparations of a skin biopsy
did not permit the detection of CFTR. As expected from
our RT-PCR data (23), CFTR protein expression was low
in nasal polyps and could only be shown by

Table 1
Immunohistochemical analysis of CFTR expression in various non-CF and AF508 homozygous CF tissues with different CFTR antibodies

Organ Airways Intestine Sweat glands
Tissue Respiratory Submucosal Mucosa
epithelium glands
Item Pseudostratified Duct, Serous Goblet Isolated cells, villi, Reabsorptive
epithelium isolated cells acini cells proximal intestine duct
Non-CF  AF508 non-CF  AF508 non-CF  AF508 non-CF AF508 non-CF AF508 non-CF  AF508
n=28 n=10 n=1 n=1 n=4A p=4A n=11 n=28 n=2 n=0 n=>5 n=4
MATG1104 + + + + + + + + + NA + -
MATG1061 + + ND ND ND ND + + + NA ND ND
PAC13 + + ND ND ND ND + + + NA + -
PAC865 + + ND ND ND ND + + + NA ND ND
C24-1 + + ND ND + + ND ND ND NA ND ND
M3A7 - -/+ + + - -/+ - - + NA + -

CFTR signals were: +, detectable; —/+, undetectable, positive labeling in only a few cells of a single specimen; —, not detectable in all investigated tissue specimens; ND,
not determined; NA, not available. AClear immunolabeling in only 2 out of 4 specimens.
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immunoblot in a subportion of the investigated speci-
mens. In preparations of the proximal intestine, CFTR
detection was reliable, confirming the enhanced CFTR
expression seen in immunohistochemistry. Intensity of
CFTR immunoblot signals from the duodenum was
comparable to identically processed protein prepara-
tions of T84 cells but declined in jejunum and ileum.
This gradient of CFTR expression was confirmed by our
immunohistochemical data and had been previously
described at the transcript level (32). Tissue specimens
from CF patients were taken in the course of the treat-
ment of meconium ileus, or the equivalent in the adul,
and originated from distal ileum or proximal colon. The
low CFTR expression in this intestinal section causes
the CFTR immunoblot signals to be relatively faint.

Analysis of the glycosylation pattern of the main
immunoreactive CFTR signal by N-glycosidase F and
endoglycosidase H digestions revealed sensitivity to the
first enzyme and resistance to the second enzyme,
demonstrating the complex modification of mature
CFTR. This CFTR glycoform was detected in non-CF
and AF508 homozygous CF respiratory and intestinal
preparations. CFTR immunoreactive signals were indis-
tinguishable in non-CF and AF508 homozygous nasal
polyps. We did not observe a reduction of mature band
C or a predominance of immature band B CFTR in
AF508 homozygous nasal polyps. However, in some
CFTR immunoblots of tissue specimens from AF508
homozygous intestine, the mature CFTR immunoreac-
tive band C, but not the immature band B, appeared
decreased in comparison with non-CF controls, which
may be indicative of a reduced AF508 CFTR protein pro-
cessing efficiency in the intestine. The detection of com-
plex-glycosylated band C CFTR demonstrates that in
respiratory and intestinal tissue specimens a consider-
able amount of wild-type and AF508 CFTR protein was
modified by Golgi glycosidases and hence had escaped
the quality control of the ER. The proof of mature CFTR
in non-CF and AF508 homozygous CF tissue specimens
contrasts with data from recombinant expression sys-
tems, where all AF508 CFTR was retained as core-glyco-
sylated, transport-incompetent protein in the ER, where
it was rapidly degraded (2, 6, 14).

In this study, AF508 homozygous CF and non-CF
preparations differed in deglycosylation assays. These
more often resulted in the loss of immunoreactive CFTR
in CF specimens than in non-CF specimens, as a conse-
quence of complete removal of the glycan moiety with N-
glycosidase F but not with the inefficient O-glycosidase,
suggesting a protease hypersensitivity of mature, glycan-
free mutant protein. A similar phenomenon has recent-
ly been demonstrated for the immature AF508 CFTR
precursor conformation (4).

Discussion

Immunolocalization of CFTR. Immunodetection of CFTR
on the luminal surface of pseudostratified respiratory
epithelia, submucosal glands, and reabsorptive sweat
ducts corresponds with previous findings (19, 27, 29,
33); it fits in with the role of CFTR for chloride and fluid
secretion on the surface of the larger airways and sub-
mucosal glands and reabsorption of salt from primary

isotonic sweat. The expression of CFTR in isolated cells
of the villi in the proximal intestine and ducts of sub-
mucosal glands was also detected by others. However,
the function of these isolated CFTR-expressing cells,
which could be of particular interest for CF pathophys-
iology, is still unclear (18, 31).

In contrast to these generally confirmed CFTR expres-
sion patterns, the detection of CFTR immunoreactive
signals in intracellular compartments of intestinal gob-
let cells was quite unexpected, because the reduced chlo-
ride and fluid secretion in CF gut (34), as well as apical
CFTR immunolabeling in colon-derived T84 cells (26),
suggested the exclusive localization of the chloride chan-
nel on the luminal surface of intestinal crypts. The analy-
sis of CFTR expression in the conserved morphology of
paraffin-embedded intestinal tissues with the antibody
PAC13 permitted the identification of an additional
CFTR-expressing cell type, in accordance with studies on
CFTR localization in the guts of mice and piglets (35)
and in the human duodenum (36). In cryosections,
immunocytochemical analysis of mucus-secreting cells
is limited by the relatively poor preservation of this cell
type during fixation. Expression of CFTR within mem-
branes of the secretory compartments and endosomes
had been previously demonstrated (37, 38). However, to
our knowledge, predominant intracellular CFTR
immunoreactivity is described here for the first time and
may reflect a peculiar feature of goblet cells. Condensa-
tion of secretory compartments in the scarce cytoplasm
is associated with a high density of membranous epi-
topes that also leads to prevailing immunoreactive sig-
nals of the ER resident proteins calnexin and p63 with-
in this cell type (Figure 4c).

CFTR in intracellular compartments of goblet cells
could function on the biosynthetic pathway (39) in con-
stitutive membrane trafficking (40) and in coupling
secretion of mucus, water, and salt (41, 42). A role for
CFTR in cAMP- and chloride-dependent exocytosis and
endocytosis was demonstrated for the wild-type, but not
for a defective, chloride channel (43) and may be attrib-
uted to an association of the vesicle fusion process with
electrolyte transport (44). A combined secretion of
mucus and chloride upon CFTR stimulation was
demonstrated in subepidermal glands of Xenopus laevis
by Engelhardt et al. (41) and by studies on submandibu-
lar (45), pancreatic epithelial (42), gallbladder (46), and
submucosal glands (47), which suggested a role for
CFTR in mucus release. Alterations in the glycan com-
position of CF mucins may result from defective CFTR
expression in mucus cells (39).

The inability to detect CFTR expression on the surface
of fluid-secreting crypts may be explained by a low den-
sity of chloride channels in this location. In cryosec-
tions, the strong immunofluorescence signals of goblet
cells that are closely packed within the crypts would
cover a faint apical labeling of crypt enterocytes, while
the sensitivity in formaldehyde-fixed paraffin-embed-
ded tissues may be too low for detection of slight epi-
tope concentrations.

The immunohistochemical labeling of CFTR protein
expression is consistent with the in situ hybridization
pattern of CFTR mRNA transcript in the gastrointesti-
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nal tract. Both protein and mRNA decreased from
proximal to distal intestine and were concentrated in
the crypts and in scattered cells of the villi in the duo-
denum and jejunum. The homogeneous distribution
of CFTR transcript within the crypts and localization
of the CFTR chloride channel in fluid and mucus-
secreting HT29 cells (48, 49) suggested various CFTR-
positive intestinal cell types. The identification of
CFTR expression in goblet cells, besides the expression
in fluid-secreting enterocytes, convincingly explains
intestinal obstruction syndromes by underhydrated
secretions and altered mucus in CF patients.

Variability of AF508 CFTR expression in CF-affected tissues.
The investigation by immunohistochemistry and
immunoblot of CFTR in tissues of the intestinal and res-
piratory tracts and sweat glands of CF-affected patients
revealed a tissue-specific variability of the impact of the
AF508 mutation on CFTR protein expression. Although
AF508 CFTR was undetectable in sweat glands by
immunohistochemistry, expression could not be differ-
entiated from the wild-type in intestinal and respiratory
epithelia by either signal intensity or cellular localization
and was consistent with AF508 CFTR in the area of the
target membrane. While the apical CFTR labeling in
pseudostratified respiratory epithelia and submucosal
glands suggests the maturation of both wild-type and
AF508 CFTR protein, the intracellular CFTR immunolo-
calization within intestinal goblet cells gives no infor-
mation on CFTR protein processing. Maturation of
AF508 CFTR in respiratory and intestinal tissues was
demonstrated by immunoblot analysis, where the acqui-
sition of endoglycosidase H resistance confirmed pro-
cessing of AF508 CFTR beyond the ER.

Avariable degree of AF508 CFTR expression and mat-
uration was also seen in different heterologous expres-
sion systems, ranging from a complete absence of fully
processed CFTR in overexpressing vaccinia virus trans-
fectants (50), a maturation efficiency of approximately
20-50% of the wild-type but immature mutant CFTR in
CHO and baby hamster kidney (BHK) cells (14), to low
levels of fully processed AF508 CFTR in mouse mamma-
ry epithelial cells (15), of which the latter more closely
simulates the endogenous situation. The dependence of
AF508 CFTR maturation and targeting upon epithelial
polarization has recently been demonstrated in stably
transfected cells, as well as in endogenous CFTR-express-
ing epithelial cells (51, 52).

The susceptibility of CFTR toward the expression back-
ground is also demonstrated by the variable phenotypes
of AF508 CF mouse models, which exhibit prominent dif-
ferences in cftr transcript and protein expression (53-55),
resulting either in a CF phenotype that corresponds to a
null mutation (53, 54) or in some residual chloride chan-
nel activity (55), although even in the latter case immature
band B cftr was the major form, and the immunocyto-
chemical cftr signal in intestinal epithelium was low (55).
According to this data, the processing of AF508 mutants
in vivo seems to be more impaired in mice than in
humans, although the low sensitivity and specificity of the
available anti-murine cftr antibodies that so far have pre-
vented any comprehensive protein expression analysis in
CF mice preclude any definitive statement at this time.

Tissue specificity of CFTR expression is well docu-
mented by the amounts of CFTR mRNA transcript in dif-
ferent epithelia (56), the specific usage of transcription
start sites (57), and the expression of splice variants (58).
On the CFTR protein level, a recent investigation sug-
gested that not only agonist-stimulated CFTR traffick-
ing but also CFTR endocytosis and membrane recycling
are cell type-specific (59), while for other proteins, cell
specificity was also demonstrated for protein folding (60).
In heterologous expression systems, decreased or abro-
gated AF508 CFTR protein expression resulted from
impaired folding and premature degradation of the pro-
tein (14). Posttranslational events such as the efficiency
of the folding or quality control machineries, the half-life
of the protein, or cell type-specific protein targeting
could likewise lead to the detected differences of mutant
CFTR expression in sweat glands and the respiratory and
intestinal tracts, demonstrating the influence of cell
type-specific factors on the disease phenotype, a phe-
nomenon that was also observed in other disorders (61).

The tissue-specific expression of AF508 CFTR in CF
patients may explain why some epithelia are more prone
to manifestations of CF. Sweat glands, where AF508
CFTR expression was more dramatically affected than in
respiratory and intestinal epithelia, also display the most
consistent CF phenotype. Elevated sweat chloride con-
centrations are the first indication of CF and can be
found even in the absence of other CF symptoms (62),
whereas in the respiratory and intestinal tracts, AF508
CF disease is variable.

Implications for understanding AF508 CF disease. This study
demonstrates that AF508 CFTR protein is not absent in
all CF patients’ tissues, as suggested by defective matura-
tion and premature degradation of the mutant in het-
erologous expression systems. Instead, expression was
found to be tissue specific and ranged from null to appar-
ently normal amounts in the respiratory and intestinal
tracts of CF patients, demonstrating that factors can
enhance CFTR processing in the patient. However, the
presence of AFS08 CFTR protein in these tissues does not
neutralize the basic defect in AF508 homozygous
patients, as demonstrated by the elevated nasal potential
(63) and aberrant ion flow in rectal biopsies (64).

This inconsistency could be explained by an ultrastruc-
tural mislocalization of the mutant protein in a vesicle
compartment beneath, but not in, the plasma membrane,
although stimulation of the mutant chloride channel in
vivo suggests expression of at least some AF508 CFTR on
the cell surface (65). The localization of most AF508
CFTR in a nearby vesicle compartment (38, 66) cannot be
excluded by the immunohistochemical data and would
be consistent with a role of CFTR in membrane recycling
(67-69) and the increase of mutant cell surface chloride
channels after stimulation of vesicle trafficking in AF508
homozygous respiratory epithelial cells (70).

However, a reduction of cell surface chloride channels
alone hardly explains the CF phenotype, because low lev-
els of full-length CFTR transcript (71) and protein (72-74)
are sufficient to offer protection from symptoms of CF
lung and intestinal disease, suggesting that wild-type and
AF508 CFTR cannot be assumed to be equivalent. Alter-
ations in the transport and/or regulatory features of
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AF508 CFTR may contribute to the disease phenotype.

The demonstration that normally processed AF508
CFTR protein is present in some CF-affected tissues sug-
gests that the ER quality control barrier is not the only
determinant of AF508 CF disease. Pharmacologic
attempts to activate the defective protein that passed this
bottleneck of CFTR expression in the affected tissues
should be of therapeutic benefit for the treatment of CF
lung and intestinal disease.
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