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Airway inflammation is orchestrated by cell-cell inter-
actions involving soluble mediators and cell adhesion
molecules. Alterations in the coordination of the mul-
ticellular process of inflammation may play a major
role in the chronic lung disease state of cystic fibrosis
(CF). The aim of this study was to determine whether
direct cell-cell interactions via gap junctional commu-
nication is affected during the inflammatory response
of the airway epithelium. We have examined the
strength of intercellular communication and the acti-
vation of nuclear factor-kB (NF-«B) in normal (non-
CF) and CF human airway cell lines stimulated with
tumor necrosis factor-a (INF-a). TNF-« induced max-
imal translocation of NF-«B into the nucleus of
non-CF as well as CF airway cells within 20 minutes.
In non-CF cells, TNF-a progressively decreased the
extent of intercellular communication. In contrast,
gap junctional communication between CF cells ex-
posed to TNF-a remained unaltered. CF results from
mutations of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene. Interestingly, trans-
fer of wild-type CFIR into CF cells by adenovirus-
mediated infection was associated with the recovery
of TNF-a-induced uncoupling. These results suggest
that expression of functional CFIR is necessary for
regulation of gap junctional communication by
TNF-a. Gap junction channels close during the in-
flammatory response, therefore limiting the intercel-
lular diffusion of signaling molecules, and thereby
the recruitment of neighboring cells. Defects in this
mechanism may contribute to the excessive inflam-
matory response of CF airway epithelium. (Am J
Patbol 2001, 158:1775—1784)

Chronic airway inflammation is a hallmark of cystic fibro-
sis (CF). CF is an autosomal recessive disease resulting
from mutations of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene." CFTR acts as a CAMP-
activated CI~ channel as well as a regulator of the activity
of other ion channels and transporters in epithelial cells.?
Despite considerable progress in understanding the
structure-function relationship of CFTR, the link between
the absence or dysfunctions of CFTR and the early
chronic inflammation of airways from CF patients remains
unclear.

Airway inflammation is the result of a network of events
involving complex cell-cell interactions via paracrine fac-
tors and cell adhesion molecules.®® In CF, the release of
a variety of cytokines and chemokines by lung epithelial
cells and macrophages, such as tumor necrosis factor-a
(TNF-a) and interleukin-8 (IL-8), along with an excessive
neutrophil influx into the airways lead to a progressively
destructive inflammatory reaction. Lung injury and pro-
gressive loss of pulmonary function follow the release of
cytotoxic neutrophil products into the airways.® The rea-
son for persistent neutrophil infiltrates into the airways is
uncertain. Some authors have proposed that chronic in-
flammation is maintained by increased adherence,” de-
creased clearance,® or decreased killing® of CF-specific
pathogens. Other studies suggest that the early inflam-
mation in the CF lung is associated with abnormalities in
the production of pro-inflammatory cytokines, even in the
absence of infectious stimuli.>'°~'2 Altogether, these
data suggest that a primary dysregulation in the coordi-
nation of the multicellular process of inflammation occurs
in CF airways.

Specialized cell junctions are particularly important in
the function of epithelia. Direct cell-cell interactions via
gap junctional communication provide a low resistance
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pathway to coordinate multicellular activity by mediating
the intercellular diffusion of ions, second messengers,
and small metabolites. Gap junctional communication is
thought to contribute to the maintenance of cell differen-
tiation and homeostasis.'®"'® Conversely, abnormal gap
junctional communication has been associated with a
number of pathologies,'® ' including CF."® However, lit-
tle is known about the role of gap junctional communica-
tion in the inflammatory process. Some studies have doc-
umented alteration in gap junction protein connexin (Cx)
expression and intercellular communication by pro-in-
flammatory mediators in endothelial,’®2° hepatic,?'2?
cardiac,?® and Schwann cells.?* Whether gap junctional
communication is affected in human airway cells during
the inflammatory process remains to be established.

To address this question, we have studied the effects
of TNF-a on the inflammatory response and gap junc-
tional communication of normal (non-CF) and CF human
airway cell lines. We show that TNF-a concurrently in-
duced the activation of the nuclear factor-«B (NF-kB), a
transcriptional activator of immunomodulatory genes,
and closure of gap junction channels in non-CF cells.
Although TNF-a also elicited inflammatory responses in
CF cells, gap junctional communication was not affected.
This effect was related to the absence of a functional
CFTR, because adenovirus-mediated transfer of wild-
type CFTR into CF cells was associated with the recovery
of TNF-a-induced uncoupling.

Materials and Methods
Cell Culture

The human bronchial Beas2B cell line was purchased
from the American Type Culture Collection (Rockville,
MD); the human nasal CF,5 cell line, which was derived
from a patient homozygous for the AF508 mutation of
CFTR, was previously characterized by Jefferson and
colleagues®®; the human bronchial I1B3-1 cell line,®®
which was derived from a patient with CF (AF508/
W1282X), was kindly provided by Dr. P. L. Zeitlin (Johns
Hopkins University School of Medicine, Baltimore, MD).
Beas2B cells were maintained in Dulbecco’s modified
Eagle’s medium; CF,5 cells were cultured on surfaces
coated with 50 pg/ml of human placental collagen IV
(Sigma Chemical Co., St. Louis, MO) and maintained in
3:1 (vol/vol) Dulbecco’s modified Eagle’s medium/F12
supplemented with growth factors:®® IB3-1 cells were
cultured on surfaces coated with collagen IV and 10
ng/ml bovine plasma fibronectin (Life Technologies AG,
Basel, Switzerland), and maintained in bronchial epithelial
cell growth medium (Promocell, Heidelberg, Germany). All
media were supplemented with 10% fetal calf serum (Sera-
Tech, Griesbach, Switzerland), 30 U/ml of penicillin, and 30
ng/ml of streptomycin (GibcoBRL, Basel, Switzerland).

IL-8 Production

Subconfluent monolayers of non-CF and CF cells were
rinsed three times with phosphate-buffered saline (PBS),

and incubated in their respective culture medium without
fetal calf serum and with 0.4% bovine serum albumin for
30 minutes. Cells were then refreshed with 500 ul of
media containing 100 U/ml of TNF-a (Bachem AG,
Bubendorf, Switzerland) and incubated for 2 hours. After
this period, the supernatant was removed and stored at
—20°C before further analysis. Cells were lysed with 500
wl of distilled water and total protein content was deter-
mined by a Bio-Rad protein assay (Biorad Laboratories
GmBH, Munchen, Germany). IL-8 was measured in su-
pernatants using an enzyme-linked immunosorbent as-
say kit (CLB, Amsterdam, The Netherlands). Only assays
having standard curves with a calculated regression line
value >0.95 were accepted for analysis. IL-8 production
was normalized to total protein content. Data are ex-
pressed as mean = SEM and compared using unpaired
t-tests.

NF-kB Activity

NF-kB translocation was determined by electrophoretic
mobility-shift assays (EMSA) and IkBa degradation by
Western blot analysis, as previously described.?” Sub-
confluent monolayers of cells, which had been treated
with 100 U/ml TNF-a or control medium for the appropri-
ate time, were washed with ice-cold PBS, harvested by
scraping into 1 ml of PBS, and pelleted in a 1.5-ml mi-
crofuge tube at 6000 rpm for 5 minutes. The pellet was
washed twice in ice-cold PBS, pelleted, and then sus-
pended in a lysis buffer containing 10 mmol/L Hepes (pH
7.9), 10 mmol/L KCI, 0.1 mmol/L ethylenediaminetet-
raacetic acid (EDTA), 1.5 mmol/L MgCl,, 0.25% Nonidet
P-40, 1 mmol/L dithiothreitol, and 0.1 mmol/L phenyl-
methy! sulfonyl fluoride (PMSF). After a 5-minute incuba-
tion on ice, the nuclear pellet was isolated by centrifuga-
tion. The supernatant, which represents the cytoplasmic
extract, was ulteriorly used for Western blot analysis of
IkBa. The nuclear pellet was then resuspended in an
ice-cold solution containing 20 mmol/L Hepes (pH 7.9),
420 mmol/L NaCl, 0.1 mmol/L EDTA, 1.5 mmol/L MgCl,,
25% (vol:vol) glycerol, 1 mmol/L dithiothreitol, and 0.5
mmol/L PMSF for 5 minutes. The debris was removed by
centrifugation and nuclear extracts were stored at —70°C
before use.

For EMSA, equivalent quantities of nuclear protein
were incubated on ice for 10 minutes in a buffer contain-
ing 12 mmol/L Hepes (pH 7.9), 4 mmol/L Tris-HCI (pH
7.9), 25 mmol/L KCI, 5 mmol/L MgCl,, 1 mmol/L EDTA, 1
mmol/L dithiothreitol, 50 ng/ml poly[d(I-C)], and 0.2
mmol/L PMSF. NF-kB probes for EMSA were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
The probes were end-labeled with 3°P and added to the
reaction mixture for 10 minutes on ice. Bound and free
probes were resolved through nondenaturing polyacryl-
amide gel electrophoresis. To test for specificity in NF-«xB
binding activity, competition assay was performed by
adding an excess of cold NF-«B and AP-1 probe (100X).
For Western blot analysis of IkBa degradation, 50 pg of
cytoplasmic protein were boiled for 3 minutes. The sam-



ples were then subjected to electrophoresis on a 10%
Tris-glycine gel (Novex, San Diego, CA) at 140 V for 1.5
hours. The protein was transferred to nitrocellulose mem-
branes and nonspecific binding sites were blocked with
5% milk in Tris-buffered saline supplemented with 0.05%
Tween 20. The membranes were then probed with an
antibody raised against IkBa (c21, Santa Cruz Biotech-
nology). After washing the membranes in Tris-buffered
saline supplemented with 0.05% Tween 20, the mem-
branes were probed with a goat anti-rabbit antibody con-
jugated to horseradish peroxidase (Calbiochem, La Jolla,
CA). Immunoreactivity was detected using an ECL
chemiluminescent detection kit, according to the manu-
facturer’s instructions (Amersham, Arlington Heights, IL).

Cx Expression

For reverse transcriptase-polymerase chain reaction, cel-
lular mRNA was isolated from subconfluent cells using
oligo-dT columns (Pharmacia Biotech, Dubendorf, Swit-
zerland), according to the manufacturer’s instructions.
Reverse transcription was performed using random hex-
amers and the resulting cDNAs were amplified by poly-
merase chain reaction using primer pairs specific for
human Cx43: sense 5'-GCAACATGGGTGACTGGAGCG
and antisense 5'-GCCAGGTACAAGAGTGTGGGT (pre-
dicted size, 285 bp). After a 5-minute incubation at 94°C,
amplification of cDNA was performed for 35 cycles, each
comprising 1 minute at 94°C, 1 minute at 55°C, and 1
minute at 72°C, using an UNOII polymerase chain reac-
tion cycler (Biometra GmBH, Géttingen, Germany). After
the last cycle, an elongation step of 5 minutes at 72°C
was performed. Amplified DNA fragments were sepa-
rated in a 1.5% agarose gel and visualized by exposure
to UV after ethidium bromide staining. No products were
amplified in the absence of reverse transcriptase (not
shown).

For Western blots, subconfluent monolayers of cells
were rinsed with PBS and scraped into an ice-cold solu-
bilization buffer containing 50 mmol/L Tris-HCI (pH 7.4),
150 mmol/L NaCl, 1% Nonidet P-40, 1 mmol/L PMSF, and
a cocktail of protease inhibitors (Boehringer Mannheim,
Mannheim, Germany). After a 30-minute incubation, the
samples were centrifuged at 4°C for 10 minutes at
50,000 X g. Supernatants were recovered and total
amounts of protein were determined by a bicinchoninic
acid quantification assay (Sigma Chemical Co.). Fifteen
wng of protein were electrophoresed on 10% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis, and
electrotransferred onto Immobilon-P polyvinylidene diflu-
oride membranes (Millipore AG, Volketswill, Switzerland).
Membranes were then soaked overnight at 4°C in a 2%
defatted milk saturation buffer containing 10 mmol/L Tris-
HCI (pH 7.4), 2 mmol/L EDTA, 133 mmol/L NaCl, 0.05%
Triton X-100, and 0.2% sodium azide. Blotted proteins
were then incubated for 1 hour at room temperature with
mouse Cx43 (1:500 dilution) antibodies (Chemicon Inter-
national Inc., Temecula, CA). This step was followed by a
1-hour incubation with goat anti-mouse secondary anti-
bodies conjugated to peroxidase (Jackson Laboratories,
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West Grove, PA). Immunoreactivity was detected through
the Super Signal West Pico kit (Pierce, Rockford, IL).

Dye Coupling

Subconfluent monolayers of cells were treated with 100
U/ml TNF-« or control medium for the appropriate time at
37°C. For dye coupling studies, the medium was
changed to a solution containing 136 mmol/L NaCl, 4
mmol/L KCI, 1 mmol/L CaCl,, 1 mmol/L MgCl,, 2.5
mmol/L glucose, 10 mmol/L Hepes (pH 7.4), supple-
mented with or without TNF-«. Single cells were impaled
with microelectrodes backfilled with a 4% lucifer yellow
solution prepared in 150 mmol/L LiCl (buffered to pH 7.2
with 10 mmol/L Hepes). The fluorescent tracer was al-
lowed to fill the cells by simple diffusion for 3 minutes.
After the injection period, the electrode was removed and
the number of fluorescent cells was counted. Cells were
visualized using epifluorescent illumination provided by a
100 W mercury lamp and the appropriate filters. To test
for the specificity of the dye coupling experiments, two
gap junction blockers were also used. Heptanol (1.5
mmol/L) or 18-a-glycyrrethinic acid (10 umol/L) inhibited
dye coupling within minutes so that data obtained with
both gap junction blockers were pooled. Results are
expressed as mean * SEM and compared using un-
paired t-tests.

Recombinant Adenovirus and Viral Infection

The replication-defective adenovirus were derived from
the human adenovirus serotype 5, and contained either
the CFTR cDNA controlled by the RSV promoter
(AdTG6429) or the CMV promoter (AdTG6418), the CMV
promoter-driven eGFP (enhanced green fluorescent pro-
tein) gene (AdTG6297), or the RSV promoter-driven lacZ
gene. All vectors, in which E1 and E3 were deleted, were
constructed as infectious plasmids by homologous re-
combination in Escherichia coli, as previously de-
scribed.?® The transgenes are incorporated in place of
the viral E1 gene. Viral stocks were stored at —80°C in 1
mol/L sucrose, 10 mmol/L Tris-HCI (pH 8.5), 1 mmol/L
MgCl,, 150 mmol/L NaCl, and 0.005% Tween 80.

Subconfluent monolayers of CF,5 cells were infected
for 16 hours with adenovirus at a multiplicity of infection
(MOI) of 25 to 500 (for RSV-based viruses) and of 1 to 200
(for CMV-based viruses), where a MOI of 1 represents 1
infectious unit/cell (~1/2 plague-forming unit/cells). The
cells were then rinsed and cultured for an additional 24
hours in normal medium before the experiment, as pre-
viously described.?® To visualize the expression of B-ga-
lactosidase, infected cells were rinsed with PBS, fixed
with 0.5% glutaraldehyde for 10 minutes, and incubated
for 6 hours at 37°C in PBS supplemented with 1 mg/ml
X-Gal, 5 mmol/L K* ferricyanide, 5 mmol/L K* ferrocya-
nide, and 1 mmol/L MgCl,. B-galactosidase activity was
detected by light microscopy as nuclear-localized blue
staining.
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Table 1. Production of IL-8 (ng/mg of Total Protein) by Non-CF and CF Airway Epithelial Cells
Airway cell line Basal* TNF-a nt P*
Beas2B 0.35 £ 0.09 13.20 + 3.3 6 <0.003
CFqs 0.50 = 0.06 1.30 = 0.3 6 <0.04
IB3-1 0.03 £ 0.015 1.90 =04 3 <0.01

*Values are expressed as mean *= SEM.
Tn is the number of experiments.

*P is the degree of significance. The production of IL-8 in response to 100 U/ml TNF-« is enhanced 38-fold in Beas2B cells, 2.6-fold in CF15 cells,

and 63-fold in IB3-1 cells.

Results

NF-kB Activation in Non-CF and CF Airway
Cells

The production of IL-8 after NF-«B translocation to the
nucleus is an indication of the inflammatory response. We
first established a dose-response curve for TNF-a stimu-
lation of IL-8 production. For all airway cell lines, maximal
release of IL-8 after a 2 hour-exposure period was ob-
served for 80 to 120 U/ml TNF-a. Therefore, a dose of 100
U/ml was used throughout the study. Basal and stimu-
lated values of IL-8 production between non-CF and CF
cells are shown in Table 1.

To investigate the TNF-a-induced inflammatory re-
sponse in non-CF and CF cells, the activation of NF-«xB
was measured by EMSA and Western blots. Nuclear and
cytoplasmic extracts were prepared from subconfluent
monolayers of cells exposed to TNF-a for increasing
amounts of time. As shown in Figure 1A, EMSA analysis
on non-CF Beas2B cells treated with TNF-a revealed an
increase in NF-kB binding activity in the nuclear extracts,
reaching a steady-state after 20 minutes (representative
example of three experiments). Nonspecific binding of
the NF-«B probe can also be seen. Cold competition
assays confirmed that the band detected in Figure 1A is
specific for NF-kB (data not shown). In parallel experi-
ments, Western blots analysis of cytoplasmic extracts
showed that addition of TNF-a to the non-CF cells in-
duced a rapid loss of IkBa (Figure 1B). IkBa degradation
followed a time course that was similar to that detected
for the translocation of NF-«kB to the nucleus. Similar
results were obtained for both CF (CF,5 and IB3-1) airway
cell lines (Figure 2). TNF-a-induced NF-«B translocation
and IkBa degradation was maximal within 20 minutes in
non-CF and CF lines and remain unchanged for longer
stimulation periods of 30 and 60 minutes (not shown).
Although CF airway cells seem to exhibit larger amount of
translocated NF-«B under basal conditions, the effect of
TNF-a on NF-kB translocation and |kBa degradation is
indicative of an inflammatory response in all non-CF and
CF lines.

Expression of Connexins in Non-CF and CF
Airway Cells

The identification of the Cxs, expressed in non-CF and CF
airway cells, was first evaluated by reverse transcriptase-
polymerase chain reaction. Thus, mRNA was extracted
from all cell types and reverse-transcribed into cDNA.

The cDNAs were amplified by polymerase chain reaction
using specific primer pairs for human Cx26, Cx32, Cx37,
Cx40, Cx43, or Cx45. As shown in Figure 3A, amplifica-
tion products corresponding to Cx43 mRNA were de-
tected in all cell lines. In addition to Cx43, mRNA for Cx45
in Beas2B and IB3-1 cells, and mRNA for Cx32 in IB3-1
cells were also detected (not shown).
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Figure 1. Time-course of NF-«kB translocation and IkBa degradation in
non-CF Beas2B cells exposed to TNF-a. A: EMSA analysis of NF-kB binding
activity in nuclear extracts from Beas2B cells treated for the indicated time
with 100 U/ml TNF-a. TNF-a induced the increase in NF-kB binding activity
in nuclear extracts in a time-dependent manner. Maximal nuclear transloca-
tion was reached after 20 minutes in the presence of TNF-a. The single
arrow corresponds to binding of NF-«B to the probe, and the double arrow
indicates the free probe. Nonspecific binding of the NF-«B probe can also be
seen on the EMSAs (asterisk). Competition with 100X excess of cold
competitors (see Materials and Methods) abolished binding of NF-«B to the
probe but not the nonspecific binding. B: Detection of IkBa by Western blot
analysis of cytoplasmic extracts from Beas2B cells exposed to TNF-a. TNF-«
rapidly induced the degradation of IkBe, in parallel to NF-kB translocation.
The arrow indicates the IkBa band at ~36 kd.
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Figure 2. A: NF-«B translocation and IkBa degradation in non-CF and CF
airway cells exposed to TNF-a. In all cell lines, EMSA analysis shows that
TNF-a evoked maximal translocation of NF-«kB within 20 minutes. Note
nonspecific binding of the NF-kB probe in EMSAs on Beas2B cells (aster-
isk). B: The parallel degradation of IkBe elicited by TNF-« in Beas2B, IB3-1,
and CF 5 cells was detected by Western blot experiments after 20 minutes of
cell exposure to TNF-a. The arrow indicates the IkBa band at ~36 kd.
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Figure 3. Expression of Cx43 in non-CF and CF airway cells. A: Reverse
transcriptase-polymerase chain reaction was performed on mRNA isolated
from Beas2B (lane 2), CF,5 (lane 3), and IB3-1 (lane 4) cells using primer
pairs specific for human Cx43. Amplification products of the expected sizes
for Cx43 (285 bp) were detected in all non-CF and CF cell lines. Molecular
markers are shown in lanes 1 and 5. B: Western blot analysis of Cx43
expression in non-CF and CF airway cells. The anti-Cx43 antibody revealed
one band at ~41 kd in cytosolic protein extracts from Beas2B (lane 2), CF,5
(lane 3), and IB3-1 (lane 4) cells. Lane 1 corresponds to rat atrium samples
that were used as positive controls. Several bands at 41 to 46 kd could be
detected, corresponding to various phosphorylated forms of Cx43. The lower
band likely corresponds to a degradation product of Cx43. Lane 5 corre-
sponds to SKHepl cells, which do not express Cx43, that were used as
negative controls.
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B

Figure 4. Effects of TNF-a on the extent of dye coupling between non-CF
Beas2B cells. Under control conditions, lucifer yellow (LY) diffused from the
microinjected cell to five to six neighbors (A). In contrast, the extent of LY
diffusion was markedly decreased in the presence of 100 U/ml TNF-a (B).
Scale bar, 15 pm.

The expression of Cx43 protein was confirmed by
Western blots in all non-CF and CF airway cells. Total
protein preparations were isolated from subconfluent
monolayers of each cell type, and equal amounts of
protein were blotted and probed with anti-Cx43 antibod-
ies. One major isoform with an apparent molecular weight
of ~41 kd was detected by the Cx43 antibodies in all
airway cell lines (Figure 3B).

Extent of Dye Coupling in Non-CF and CF
Airway Cells

The strength of intercellular communication was evalu-
ated in non-CF and CF airway cells by injection of lucifer
yellow. In all airway cell lines, lucifer yellow rapidly
spread from the injected cell to several neighboring cells.
Interestingly, the extent of lucifer diffusion was markedly
reduced in the presence of TNF-« in non-CF cells (Figure
4, Table 2). The time course of TNF-a-induced uncou-
pling is shown in Figure 5. TNF-a progressively de-
creased the extent of intercellular communication be-
tween Beas2B cells, a steady-state level being reached
after 20 minutes of exposure. Quantitative analysis re-
vealed that, on average, TNF-a decreased (P < 0.002)
intercellular communication between non-CF cells by 2.3-
fold (Figure 6A) and increased the proportion of uncou-
pled cells (Table 2). The uncoupling effect was observed
for up to 90 minutes after washing out TNF-a (not shown).
In contrast, TNF-a had no effect on the extent of dye
coupling between CF,5 cells (Figure 6B and Table 2).
Dye coupling between CF,5 cells was not affected by
increasing the concentration of TNF-a up to 1000 U/ml
(not shown). Similarly, TNF-«a did not change dye cou-
pling between IB3-1 cells, another CF cell line (Figure
6C and Table 2). In all cell lines, gap junction channel
blockers inhibited cell-to-cell diffusion of lucifer yellow
(Figure 6).

CF,5 and IB3-1 cells are cultured in the presence of
various growth factors, which may affect the sensitivity of
gap junction channels to TNF-a. To test for this possibil-
ity, Beas2B cells were maintained for 3 to 4 days in the
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Table 2. Extent of Dye Coupling Between Non-CF and CF Airway Epithelial Cells
Number of Beas2B CF5 IB3-1
labeled cells Control* TNF-af Control TNF-« Control TNF-«
1-2 7 (20) 17 (63) 2(7) 3(16) 5 (20) 1(7)
3-4 7 (20) 9(33) 8 (30) 1(5) 6 (24) 3(23)
>5 21(60) 1(4) 17 (63) 15 (79) 14 (56) 9 (70)

*Values indicate the number of microinjections. Percent values are given in parentheses.
TTNF-« (100 U/ml) decreased the proportion of dye coupled Beas2B (non-CF) cells but not that of CF (CF,5 and IB3-1) cells.

culture medium used for CF cells and subjected again to
dye coupling. Under these conditions, the strength of
intercellular communication between Beas2B cells ex-
posed to CF culture medium did not change, averaging
6.1 = 1 cells (n = 18). Exposure of the cells to TNF-a was
still associated (P < 0.003) with cell uncoupling (2.8 =
0.5 cells, n = 21). These results suggest that TNF-«
directly modulates intercellular communication between
non-CF but not CF airway cells.

Extent of Dye Coupling in Corrected CF Airway
Cells

To evaluate whether CFTR contributes to the modulation
of intercellular communication by TNF-«, CF,; cells were
infected with increasing concentrations of recombinant
adenovirus containing wild-type CFTR cDNA. The ex-
pression of CFTR was controlled either by the RSV pro-
moter (AdRSV CFTR) or the CMV promoter (AdCMV
CFTR). The efficiency of transgene expression was eval-
uated by using the RSV promoter-driven lacZ (AdRSV
Bgal) gene or the CMV promoter-driven eGFP (AdCMV
GFP) gene. As previously reported,®® increasing the MOI
of AdRSV Bgal from 25 to 500 was associated with an
increase in the number of CF,5 cells positive for X-Gal.
Similarly, the number of fluorescent cells as well as the
intensity of the fluorescent signal increased with increas-
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Figure 5. Time course of TNF-a-induced dye uncoupling between non-CF
cells. In the absence of TNF-a (time 0), the number of cells labeled with
lucifer yellow (LY) averaged 5.3 * 0.65 cells (7 = 13 microinjections).
Exposure of Beas2B cells to TNF-a was associated with a time-dependent
decrease in the number of LY-labeled cells. Maximal uncoupling was reached
within 20 minutes. Bars indicate the mean number of LY-labeled cells.

ing MOls (ranging from 1 to 200) of AdCMV GFP (not
shown).

The strength of intercellular communication in CF,g
cells infected with AACFTR was determined. As shown in
Figure 7A, low and intermediate MOls (25 to 100) of
AdRSV CFTR had no effect on dye coupling between
CF,5 cells. However, dye coupling was strongly reduced
at higher MOls (250 to 500). A similar dye-coupling pat-
tern was observed for CF,4 infected with AdRSV Bgal.
Although 25 to 100 MOI of AdRSV Bgal did not alter the
extent of dye coupling between CF,5 cells (7 = 1 labeled
cells,n = 8 versus 6.7 + 0.6 cells, n = 27 in controls), the
diffusion of lucifer yellow was decreased for higher MOls
(1.8 = 0.5 labeled cells, n = 4). This effect was not
restricted to adenovirus using the RSV promoter because
high MOIs (100 to 200) of AdCMV CFTR also reduced
dye coupling between CF,4 cells (Figure 7B). These re-
sults indicate that high MOls of recombinant adenovirus
exert toxic effects on gap junctional communication.

Because of these limitations, only CF,5 cells infected
with low or intermediate MOls of AARSV CFTR (25 to 100
MOI) or AdCMV CFTR (1 to 50 MQI), and therefore ex-
hibiting unaltered strength of intercellular communica-
tion, were exposed to TNF-a. Under these conditions,
exposure of AdRSV CFTR-infected (Figure 7A) and Ad-
CMV CFTR-infected (Figure 7B) CF,5 cells to TNF-a re-
sulted in a marked reduction of intercellular communica-
tion. This was caused by an enhanced proportion of cells
that did not allow the passage of the dye from 17 to 68%
(Table 3). In contrast, TNF-a had no effect on dye cou-
pling of CF15 cells infected with 25 to 100 MOI AdRSV
Bgal (7.6 = 1 labeled cells, n = 10). These results indi-
cate that expression of a functional CFTR is necessary for
TNF-a-dependent regulation of gap junctional communi-
cation in airway epithelial cells.

Discussion

Our results describe the temporal relationship between
changes in NF-kB translocation into the nucleus and gap
junctional communication of non-CF and CF human air-
way cells exposed to TNF-a. Although TNF-« induced
NF-kB translocation in both cell types, the pro-inflamma-
tory cytokine reduced the strength of intercellular com-
munication only between CFTR-expressing airway cells.

The transcription factor NF-kB, by controlling the acti-
vation of numerous immunomodulatory genes in re-
sponse to pathogens and pro-inflammatory cytokines, is
essential in the development of acute and chronic inflam-
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Figure 6. Quantitative evaluation of dye coupling in non-CF and CF airway
cells exposed to TNF-a. Under control conditions, transfer of lucifer yellow
(LY) was detected in Beas2B (A), CF,5 (B), and IB3-1 (C) cells. Whereas
TNF-« significantly decreased dye transfer in non-CF Beas2B cells, the pro-
inflammatory mediator had no effect on intercellular communication be-
tween CF (CF,5 and IB3-1) cells. In all cells lines, gap junction channel
blockers (GJB) inhibited dye coupling. Asterisks indicate differences at P <
0.002 levels.

mation.*®2" In this regard, it has been reported that
NF-«kB translocation was increased in response to
Pseudomonas aeruginosa in respiratory cells expressing
wild-type CFTR, whereas in CF cells NF-kB activity ap-
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Figure 7. Dye coupling in CF,5 cells infected with AARSV CFTR or AdCMV
CFTR. High MOIs of AdRSV CFTR (A) and of AACMV CFTR (B) decreased
lucifer yellow (LY) diffusion between CF, 5 cells. Lower MOIs of AARSV CFTR
(25 to 100) and of AACMV CFTR (1 to 50) did not affect the normal extent of
intercellular communication between CF,5 cells. For the latter range of
concentrations, exposure of the cells to TNF-a was associated with a signif-
icant reduction of gap junctional communication. Thus, difference at P <
0.001 (asterisk) was calculated for the pooled values obtained from 25 to
100 MOIs of AdRSV CFTR- or 1 to 50 MOIs of AdACMV CFTR-infected cells
between control and TNF-a conditions.

peared to be already elevated in unstimulated cells.®?
More recently, primary CF bronchial gland cells were
shown to produce abnormally high levels of IL-8 through
constitutively activated NF-«B.3® NF-«B is present in the
cytosol of most cell types as an inactive heterodimer that
is bound to an inhibitor subunit, IkBa. Pro-inflammatory

Table 3. Extent of Dye Coupling in CF,5 Cells Infected
with AdRSV CFTR
Number of CFis + CF,5 + AdRSV CFTR +
labeled cells  AdRSV CFTR* TNF-af
1-2 5(16) 21 (68)
3-4 8 (27) 4(13)
>5 17 (57) 6 (19)

*Values indicate the number of microinjections. Percent values are
given in parentheses.

TTNF-a (100 U/ml) decreased the proportion of dye coupled CFs
cells that have been infected with 25 to 100 MOI of AdRSV CFTR.
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cytokines activate NF-«kB by stimulating the activity of
protein kinases that phosphorylate |kBa, allowing its
ubiquitination and then rapid proteasomal degradation.
This allows nuclear translocation of the active NF-kB and
DNA binding.3%3* TNF-« is an essential effector cytokine
for immune response and inflammation. We observed
that TNF-a stimulated maximal translocation of NF-«B into
the nucleus and IkBa degradation within 20 minutes of
Beas2B, CF,5, and IB3-1 cells. The fact that unstimulated
CF airway cell lines exhibit a larger amount of translo-
cated NF-«B might be a key component of the airway
inflammation in CF but also be explained by the variability
between cell lines. This fact, however, does not affect the
time course of the response to TNF-«, which evoked an
inflammatory response in all airway cells used in this
study irrespective of their CF or non-CF origins.
Whereas all airway cell lines developed an inflamma-
tory response, TNF-a rapidly reduced the extent of inter-
cellular communication in non-CF but not CF cells. Each
gap junction channel type is characterized by intrinsic
properties and differential sensitivities to modulation by
intracellular signaling pathways that are dictated by their
Cx composition.”®'5 Changes in Cx expression during
inflammation have been shown in various cell systems
after long-term exposure to pro-inflammatory cyto-
kines.?°~2* So far, only one study reported a short-term
(within 30 minutes) modulation of intercellular communi-
cation by TNF-a in human myoendothelial junctions.'®
Three types of Cxs were detected in non-CF and CF cells,
Cx45, Cx32, and Cx43. Cx43 is most likely the Cx in-
volved in the TNF-a-dependent regulation of gap junc-
tional communication. Although mRNA for Cx45 was
found in Beas2B and IB3-1 cells, Cx45 has been previ-
ously shown not to transfer lucifer yellow.®®* mRNA for
Cx32 was detected only in IB3-1 cells, therefore this Cx
cannot be responsible for the difference in modulation of
intercellular coupling between non-CF and CF cells. In
contrast to Cx45 and Cx32, Cx43 mRNA and protein were
expressed in all cell lines. Cx43 is the gap junction phos-
phoprotein that has received most attention so far. Short-
term modulation of Cx43 permeability and/or single-
channel conductance has been demonstrated in
response to various phosphorylating treatments, includ-
ing activation of protein kinase C,3>3¢-2% mitogen-acti-
vated protein kinase,“° and c¢-Src tyrosine kinases.*'
Interestingly, these signaling pathways have also been
found to mediate the cellular responses of TNF-« in var-
ious cell types*®3 including airway epithelial cells.** In
preliminary studies, exposure of Beas2B cells to TNF-«
for up to 90 minutes had no apparent effect on the level
of expression of Cx43 (Marc Chanson, unpublished ob-
servations). Regardless of the specific mechanism, our
results demonstrate that intercellular communication is
suppressed during the inflammatory response of normal
human airway cells. This down-regulation, however, is
defective in CF airway cells. Whether abnormal post-
translational modifications of Cx43 are responsible for the
differential modulation of gap junctional coupling be-
tween non-CF and CF cells remains to be investigated.
It is now clearly established that CFTR, in addition to
functioning as a Cl~ channel, plays an important role in

conferring regulatory properties on other ion channels of
the plasma membrane.? Recent observations also sug-
gested a role for CFTR in the control of gap junctional
coupling between pancreatic duct cells.'® Gap junctional
communication was therefore examined in CF,5 airway
cells before and after correction of their phenotype by
transfer of wild-type CFTR. The transduction of functional
CFTR into CF,5 cells with AdRSV CFTR or AACMV CFTR
has been previously characterized.?® The CI~ secretion
defect of CF,5 cells was indeed corrected by CFTR-
containing adenovirus. We report now that TNF-a-in-
duced down-regulation of intercellular communication
was restored in cells infected with AACFTR but not with
adenovirus encoding a reporter gene. These results,
therefore, lead to propose that expression of CFTR is
necessary for the regulation of gap junction-mediated
intercellular communication by TNF-« in airway cells.
The links between the expression of a normal CFTR
protein and the modulation of gap junction channels are
not known. It is conceivable that abnormal cell functions
in CF cells may be a consequence of cell stress caused
by trafficking defects of mutant CFTR proteins.®?> CFTR
might also influence activities and regulation of other
transport pathways by direct or indirect protein-protein
interactions. Thus, the NH,-terminus of CFTR binds syn-
taxin 1A% and the CFTR tail binds the a1 subunit of
AMP-activated protein kinase.*® CFTR has also been
shown to associate with submembranous scaffolding
proteins via PDZ-binding domains.*” PDZ-binding do-
main proteins are involved in the clustering of transmem-
brane ion channels and in connecting intracellular sig-
naling pathways. Consequently, it has been suggested
that protein-protein interactions may be required for
CFTR-mediated regulation of other ion channels.*® In this
context, it is noteworthy that Cx43 co-localizes and spe-
cifically interacts via PDZ-binding domains with the
zonula occludens-1 protein.**5° Future studies might
provide insights into the mechanisms that couple CFTR-
dependent functions to gap junctional communication.
Our data, however, support the view that absence of
functional CFTR is associated with defective regulation of
intercellular communication during the inflammatory re-
sponse evoked by TNF-a in CF airway epithelial cells.
Cell-specific expression of Cxs and differential modu-
lation of gap junctional permeability to signaling mole-
cules are thought to coordinate the appropriate response
of groups of cells to external stimuli. In this context,
altering the level of intercellular communication by ma-
nipulating Cx expression has been shown to be associ-
ated with modulation of glycogen metabolism,®' diges-
tive enzyme secretion,®® gene expression,®® and Ca®”*
signaling by controlling ATP release.®* One challenge for
future studies will be to explore the pathophysiological
consequences of a defective regulation of airway epithe-
lial cell-to-cell communication on the inflammatory pro-
cess. The closure of gap junction channels during sus-
tained inflammation may restrict the intercellular
diffusion of signaling molecules, thereby preventing
the recruitment of bystander cells into inflammatory re-
sponses. Defects in this mechanism may decrease the
capacity to localize the inflammatory reaction to the areas



stimulated by invading pathogens, and thus contribute to
the widespread inflammatory response of the CF airway
epithelium.
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