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The respiratory epithelium lining the airway relies on mucociliary
clearance and a complex network of inflammatory mediators to
protect the lung. Alterations in the composition and volume of the
periciliary liquid layer, as occurin cystic fibrosis (CF), lead to impaired
mucociliary clearance and persistent airway infection. Moreover, the
respiratory epithelium releases chemoattractants after infection,
inciting airway inflammation. However, characterizing the inflam-
matory response of primary human airway epithelial cells to in-
fection can be challenging because of genetic heterogeneity. Using
well-characterized, differentiated, primary murine tracheal cells
grown at an air-liquid interface, which provides an in vitro polarized
epithelial model, we compared inflammatory gene expression and
secretion in wild-type and AF508 CF airway cells after infection with
Pseudomonas aeruginosa. The expression of several CXC-chemokines,
including macrophage inflammatory protein-2, small inducible
cytokine subfamily member 2, lipopolysaccharide-induced chemo-
kine, and interferon-inducible cytokine-10, was markedly increased
after infection, and these proinflammatory mediators were asym-
metrically released from the airway epithelium, predominantly from
the basolateral surface. Equal amounts of CXC-chemokines were
released from wild-type and CF cells. Secreted mediators were
concentrated in the thin, periciliary fluid layer, and the dehydrated
apical microenvironment of CF airway epithelial cells amplified the
inflammatory signal, potentially resulting in high chemokine con-
centration gradients across the epithelium. Consistent with this
observation, the enhanced chemotaxis of wild-type neutrophils
was detected in CF airway epithelial cultures, compared with wild-
type cells. These data suggest that P. aeruginosa infection of the
airway epithelium induces the expression and polarized secretion of
CXC-chemokines, and the increased concentration gradient across
the CF airway leads to an exaggerated inflammatory response.
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The respiratory epithelium lining the airway relies on the
mucociliary escalator and a complex network of inflammatory
mediators to protect the lung. Bacterial clearance is also de-
pendent on the thin, periciliary liquid layer lining the airway
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surfaces. This tightly regulated, low-viscosity solution for ciliary
beating is rich in the mucins, defensins, and cytokines critical for
host defense (1). Alterations in the composition and volume of
the airway surface layer, as occur in cystic fibrosis (CF), can lead
to impaired mucociliary clearance and persistent airway infec-
tion. Moreover, the inflammatory response of the CF airway to
endobronchial infection is exaggerated, and accounts for pro-
gressive, suppurative pulmonary disease (2). Bronchoalveolar
lavage (BAL) and airway biopsies from patients with CF de-
monstrate an intense endobronchial inflammatory process char-
acterized by high concentrations of proinflammatory cytokines
and large numbers of neutrophils, even in patients with clinically
mild disease (3).

Bacterial infection with Pseudomonas aeruginosa is the most
common insult associated with the decline of lung function in CF
lung disease. However, studying infection in a native, intact lung
is difficult, and examinations of the specific effects of infection on
epithelial responses are confounded by the varied environmental
and genetic backgrounds of host cells. The stimulation of airway
epithelial cells (AECs) with various agents, including Pseudo-
monas aeruginosa and its exotoxins, was studied using trans-
formed cell lines from individuals with and without CF, with
variable results (4-14). The genetic manipulation of AECs to
correct or induce CF transmembrane conductance regulator
(CFTR) mutations or physiology can exert profound effects on
cellular differentiation, morphology, function, and inflammatory
gene expression (15). Primary cultures of human AECs pose
additional drawbacks as in vitro models because of their genetic
heterogeneity, making it difficult to clearly define the regulation
of epithelial responses to inflammatory stimuli.

Several critical questions related to epithelial responses to
bacteria in the normal and CF lung must be addressed to
understand why chronic inflammation is central to the patho-
physiology of many airway disorders, including the apparent
dysregulation of inflammatory responses in the CF lung. Our
previous work implicated the importance of dysregulated
airway epithelial cell cytokine responses, not directly related
to the CFTR function, in the pathophysiology of CF. As the
first-line defender within the lung, the epithelial cell is polarized
not only in structure but also in the secretion of biochemical
signals. Basolateral secretion is required to signal subepithelial
and vascular inflammatory cells, whereas apical signals may be
important for communication with luminal inflammatory cell
populations (16, 17). The identification of these vectorial re-
sponses to bacterial infection has not been defined, but may
provide targets for controlling the inflammation that injures the
CF lung.

Genomic assays have been useful for identifying differences in
models of normal and CF AECs, and complementing these with
proteomic approaches could determine specific inflammatory
responses after bacterial stimulation. Pairing these approaches
with genetically defined epithelial models is essential, and the
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system must also have the capacity to monitor vectorial responses.
Accordingly, we examined syngeneic murine tracheal epithelial
cells (mTECs) grown in primary cultures at an air-liquid interface
(ALI), thus providing a reproducible, genetically homogeneous
epithelium in vitro to evaluate inflammatory gene regulation and
expression in airway cells. These well-characterized epithelial cell
preparations approximate native respiratory epithelium, and pro-
vide a system in which genetic and environmental factors can be
manipulated and polarized responses can be measured (18).
Using this model, we examined the murine airway epithelial
response to infection with P. aeruginosa, compared chemokine
gene expression in CF and wild-type (WT) epithelial cells, and
examined their effects on neutrophil chemoattraction. These
studies confirmed the asymmetric release of CXC-chemokines
(19). The secreted mediators were concentrated at the apical
surface of AECs in a CFTR-dependent manner, and the in-
creased concentration gradient across CF epithelia resulted in
greater neutrophil chemotaxis.

MATERIALS AND METHODS

Mice

We studied AF508 CFTR mice backcrossed into a C57Bl/6 back-
ground and wild-type littermates, 6-8 weeks of age (20). The Animal
Studies Committee at Washington University approved all the present
experiments.

In Vitro Murine Primary Airway Epithelial Cell Preparations

Primary mTEC preparations were cultured as previously described
(18) (see the online supplement for details).

Electrophysiology

Electrophysiological measurements of mTECs were performed using
Ussing chambers adapted for Transwell filters, modified from pre-
viously described protocols (21).

Pseudomonas aeruginosa Culture and Cell Infection

Epithelial cell preparations were apically treated with 50 pl P. aeruginosa
strain PAO1 (0, 10%, 10, and 10 CFU/ml) for 1 hour at 37°C. Cells were
washed, and serum-free media containing gentamicin were placed in both
chambers of the Transwell (18). At each time point, conditioned baso-
lateral media and apical washings (100 pl) were collected and assayed
separately.

RNA Extraction and Oligonucleotide Array Analyses

Total cellular RNA was isolated from treated and control cell
preparations using Trizol reagent (Invitrogen, Carlsbad, CA), and then
repurified (Qiagen, Valencia, CA). Three replicate pools from each
condition were hybridized to Illumina BeadChips (San Diego, CA),
and the resulting images were imported into the Illumina BeadStudio
application. Data were normalized and imported into the Partek
Genomic Suite (St. Louis, MO) for ANOVA with a step-up false-
discovery rate according to Benjamini and Hochberg, with multiple
testing corrections (22).

TagMan Real-Time Polymerase Chain Reaction

Total RNA from mTEC cultures was reverse-transcribed (Applied
Biosystems, Foster City, CA), and standard quantitative real-time
reverse transcription PCR (qRT-PCR) protocols were applied.
Aliquots of cDNA (in triplicate) were subjected to qRT-PCR, using
the Applied Biosystems 7500 Real Time PCR System and software,
and were normalized to glyceraldehyde-3-phosphate dehydrogenase.

Enzyme-Linked Immunosorbent Assay for Secreted
Murine Cytokines
CXC-chemokines were measured according to the manufacturer’s in-

structions (R&D Systems, Minneapolis, MN) (23). Apical surface fluid
volumes were calculated, based on the volume equation for a right

circular cylinder (V = wr?h), using Transwell surface area (0.33 cm?)
and previously measured fluid depths (WT, 7.9 pm; CF, 3.9 um)
(24, 25). Concentrations of chemokines were determined by dividing
the amount of mediator secreted into the specific compartment by
fluid volume.

In Vitro Neutrophil Chemotaxis Assays

Murine bone marrow cell suspensions were isolated from the femurs
and tibia of WT mice by flushing with PBS (26). Cells were resuspended,
and 6 hours after mTECs were stimulated with P. aeruginosa, 1.0 X
107 bone marrow cells were added to the basolateral compartment
and incubated for 1 hour. Cells were then detached, using trypsin—
EDTA and cell-dissociation solution (Sigma-Aldrich, St. Louis, MO),
and collected. Released cells were washed, blocked with purified rat
anti-mouse CD16/CD32 antibody (Mouse BD Fc Block; Becton
Dickinson Biosciences, San Jose, CA), and stained with Grl antibody
or rat IgG2b isotype control (eBioscience, San Diego, CA). Analyses
were performed on a FACSCalibur flow cytometer (Franklin Lakes,
NJ), using CELLquest software (Becton Dickinson Biosciences).

Statistical Analysis

Data are expressed as means * standard error (SEM). Statistical
comparisons between CF and non-CF groups were performed using
unpaired two-tailed Student ¢ tests or single-factor ANOVA.

RESULTS
Murine Airway Epithelial Cell Model

The mTEC preparations were established using ALI culture
conditions, which create an airway model consisting of a highly
differentiated epithelium, composed of ciliated and nonciliated
cells. Immunostaining and scanning electron microscopic exam-
ination of non-CF and CF airway epithelial cultures revealed
that cells of both genetic strains were similarly differentiated
and exhibited features of the native tracheobronchial epithe-
lium in vivo (data not shown).

The ion transport function of mTEC preparations was
measured for comparison to previous studies of WT and CF
murine airways (Figure 1). WT and CF mTEC preparations
demonstrated a similar short-circuit current (I;.) under basal
conditions that was approximately 75% sensitive to 10 pM
amiloride, indicating activity of the epithelial sodium channel.
Subsequent treatment with 10 pM forskolin to stimulate
intracellular cyclic adenosine monophosphate resulted in an
increased I, response in all preparations, but the magnitude of
the response in CF mTECs was significantly lower than in WT
mTECs, consistent with a loss of CFTR channel activity. The
lower I response to forskolin in CF mTEC:s likely represents
the mobilization of calcium and the secretion of anions via
alternate chloride conductance, indicating that the I . response
of mTEC preparations is more aligned with ex vivo murine
airway preparations than with primary murine airway epithe-
lial cells placed in standard submersion culture (27). Treat-
ment with 100 uM uridine 5’ triphosphate (UTP) to maximize
the mobilization of calcium for the activation of calcium-
dependent chloride channels resulted in a similar increase in
Is. between the WT and CF mTEC preparations.

Pseudomonas aeruginosa Infection of mTEC Preparations

After incubation with the P. aeruginosa strain PAO1 for 1 hour,
cell junctions expressed zona occludence protein 1 (ZO-1) and
E-cadherin, and maintained high transepithelial cell resistance,
indicating that the model epithelium remained intact. Further-
more, exposure to P. aeruginosa did not alter the viability,
transepithelial resistance, or cell number of WT or CF mTECs
after 24 hours (data not shown).
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Figure 1. Electrolyte transport in primary cultures of murine tracheal
epithelial cells (mTECs). After 14 days of air-liquid interface (ALI)
culture, wild-type (WT) and AF508 cystic fibrosis (CF) mTECs were
evaluated for bioelectric properties using voltage-clamped Ussing
chambers. In physiological Ringer’s solution, all ALl monolayers
exhibited electrical resistance (600-1,500 Q)/cm?) before studies. (a)
Short-circuit current (Isc) of WT and CF mTECs under basal conditions
and after sequential additions of amiloride (amil; 10 uM, apical bath),
forskolin (forsk; 10 pM, apical and basolateral baths), and UTP
(100 M, apical bath). (b) Changes in I of WT and CF mTECs in
response to sequential treatments with amiloride, forskolin, and UTP.
Means = SEM are shown (n = 5-6 Transwells). *Electrophysiology of
CF mTECs was significantly different from that of WT cells, at P < 0.05
(unpaired Student t tests).

Expression of Inflammatory Genes in Murine Tracheal
Epithelial Cells

We examined inflammatory gene expression profiles in the
in vitro epithelial model, focusing on CXC-chemokines. The
expression of chemokines is important in the initiation and
resolution of inflammation. RNA was isolated from polarized
airway epithelial cells 6, 24, and 48 hours after infection,
processed, and hybridized to microarrays. Specific samples were
normalized to others and against the mean of control samples.
Within the small set of transcripts that changed, several related
CXC-chemokines were up-regulated in P. aeruginosa—infected
airway cells, including small, inducible cytokine subfamily
member 2 (KC, or Cxcll), macrophage inflammatory protein—
2 (MIP-2, or Cxcl2), lipopolysaccharide-induced chemokine
(LIX, or Cxcl5), and interferon-inducible cytokine (IP-10, or
Cxcll10) (Table 1). The expression of CXC-chemokines was
validated using qRT-PCR. Peak chemokine mRNA expression
occurred 6 hours after infection, and decreased over time
(Figure 2). These changes paralleled the pattern of mRNA
expression observed in the microarray analysis.

To characterize the dynamic range of inflammatory responses
from the epithelium to infection, the apical surface of mTEC prep-
arations was treated with increasing concentrations of P. aeruginosa
PAOL for 1 hour. Twenty-four hours after infection, apical surface
fluid and conditioned basolateral media were collected and analyzed
for the secretion of proinflammatory cytokines and chemokines,
using specific ELISA (19). MIP-2 and KC were released from
mTECs in a dose-dependent fashion (Figure 3a). The stimulation
of epithelial cells with the highest concentration of bacteria resulted
in the greatest release of CXC-chemokines, and was used in sub-
sequent experiments. A time course revealed that the maximal total
secretion of MIP-2 and KC occurred 24 hours after stimulation, and
gradually decreased to prestimulation levels 7 days after infection
(Figure 3b). Surprisingly, proinflammatory cytokines commonly
found in CF BAL (IL-6, IL-1B, and TNF-a) were not detected after
stimulation with P. aeruginosa (data not shown), suggesting that
airway epithelial cells were not the major source of these cytokines
after bacterial infection.

TABLE 1. QUANTITATIVE ANALYSIS OF CXC-CHEMOKINE
EXPRESSION IN WILD-TYPE MURINE TRACHEAL EPITHELIAL
CELLS AFTER INFECTION WITH P. AERUGINOSA

Chemokine Aliases 6 Hours 24 Hours 48 Hours
Cxcll KC, GRO« 25.88% 7.83% 6.507
Cxcl2 MIP-2, GROB 32.74% 8.79% 7.64%
Cxcl4 PF4 1.62 0.19 1.15
Cxcl5 LIX 4.697 3.13F 5.13%
Cxcl7 PPBP 1.93 5.02* 5.34*
Cxcl9 MIG 0.46 1.56 4.80
Cxcl10 IP-10 6.87* 7.44% 3.49
Cxcl11 IP-9 0.39 0.99 0.46
Cxcl12 SDF1 1.17 1.08 1.08
Cxcl13 BLC 0.87 0.57 0.12
Cxcl14 BRAK 0.81 0.88 0.53
Cxcl15 Lungkine 0.87 0.21 0.32
Cxcl16 SCYB16 1.22 1.02 0.93

Definition of abbreviations: BLC, B lymphocyte chemoattractant; BRAK, breast
and kidney-expressed chemokine; Gro, growth-regulated oncogene; MIG,
monokine induced by interferon-y; PF4, platelet factor 4; PPBP, pro-platelet
basic protein; SCYB16, small inducible cytokine subfamily B member 16; SDF1,
stromal cell-derived factor-1.

Gene expression consistently up-regulated twofold was considered, and 114
genes were significantly increased after infection. Several related CXC-chemokines,
including KC (Cxcl1), MIP-2 (Cxcl2), LIX (Cxcl5), and IP-10 (Cxcl10), were up-
regulated at different times after 1 hour of stimulation with Pseudomonas aeruginosa
PAOT.

*P < 0.05 and TP < 0.005, using single-factor ANOVA for comparisons.

Polarity of Chemokine Release by Murine Airway Monolayers

Using this epithelial model, we examined the effects of stimu-
lation with P. aeruginosa on the vectorial release of chemokines
and cytokines, since the asymmetric release of these factors is
critical for establishing gradients of immune cell movement.
The patterns of chemokine secretion were examined by sam-
pling the apical and basolateral chambers provided in the
Transwell culture system following P. aeruginosa infection
(19). Consistently greater amounts of MIP-2 and KC were
released basolaterally (Figure 3c), and LIX and IP-10 had
similar patterns of release (data not shown).
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Figure 2. mRNA expression of representative CXC-chemokines, macro-
phage inflammatory protein-2 (MIP-2) and inducible cytokine subfamily
member 2 (KC), at different times (6, 24, and 48 hours; n = 3-6 Transwells)
after infection with Pseudomonas aeruginosa strain PAOT1, using quantita-
tive real-time reverse transcription PCR, thus confirming the microarray
data. Peak CXC-chemokine expression was evident 6 hours after infection,
and decreased with time. Data are presented relative to uninfected mRNA
concentrations, normalized with the expression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as control. Means = SEM are shown,
and values differ significantly (ANOVA, P < 0.05).
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Figure 3. Dose-response and time course for release of CXC-chemokines
from WT mTECs after infection with P. aeruginosa. (a) Release of total
MIP-2 and KC from mTECs 24 hours after infection with increasing doses
of P. aeruginosa PAOT1 (0, 104, 106, and 108 CFU/ml, n = 5-7 Transwells).
(b) Total secretion of MIP-2 and KC at different times after infection (0, 1,
2, 4, and 7 days) with P. aeruginosa (108 CFU/ml, n = 6 Transwells). Peak
release of CXC-chemokines occurred 24 hours after infection and
decreased over time, which paralleled mRNA expression. (c) Vectorial se-
cretion of chemokines from WT mTECs after infection with P. aeruginosa.
After stimulation of WT mTECs with 108 CFU/ml P. aeruginosa PAOT1 for 1
hour, apical washings or basolateral media were collected 0, 24, 48, or 96
hours after infection, and assayed for MIP-2 and KC (n = 5 Transwells).
Means * SEM are shown. Apical and basolateral CXC-chemokine
concentrations before and after stimulation differed significantly (ANOVA,
P < 0.005). Open columns indicate apical secretion; shaded columns
indicate basolateral secretion. Both CXC-chemokines were predominately
secreted from the basolateral surface, based on comparisons at different
times after infection.

To assess the inflammatory responses in CF airway epithe-
lia, chemokine mRNA expression and secretion in primary
mTEC cultures of AF508 CF and WT littermates were
compared. One chemokine, CXCL14 (BRAK), was expressed
at a higher concentration in WT cells compared with CF cells
(Figure 4a), although this difference was not confirmed using
ELISA (data not shown). Other candidate CXC-chemokine gene
expressions were similar before and 6 and 24 hours after infection
(Figure 4b).

No differences were evident in total measured amounts of
released MIP-2, KC, IP-10, or LIX in WT compared with AF508
CF mTECs (Figure 5a). These values represent the total
amounts of chemokines released into the basolateral media
and apical surface during the period after infection. Considering
that the CF apical fluid volume is dehydrated because of
increased water absorption across the CF airway epithelium
(24, 28-30), the concentration of CXC-chemokines at the
surface of CF epithelial cells could be significantly greater than
measured for WT cells, based on airway surface fluid volumes
(1.2 pL and 2.6 pl, respectively) 24 hours after infection (Figure
5b). Thus, the proinflammatory response would be heightened
at the surface of CF cells compared with WT cells. Significant

A
16 [ WT uninfected
[0 CF uninfected
141 [ WT infected
CF infected
12

N
2

(o]

Relative RNA expression
oo

EN

N

JIRREZ 1 , 2 % L] L
Cxcll Cxcl2 Cxcld Cxcl5 Cxcl10 Cxcl12 Cxcl13 Cxcl14 Cxcl15
Chemokine

[ WT infected

CF infected

Relative mRNA expression (log)

6h 24h 6h 24h
KC LIX

Figure 4. CXC-chemokine mRNA expression of WT and AF508 CF
mTECs, before and after stimulation with P. aeruginosa PAO1. (a)
Microarray analyses of candidate chemokine expression compare re-
sponses of WT and AF508 CF mTECs (n = 3 Transwells). Means = SEM
are shown. *P < 0.05. (b) Quantitative analysis of representative CXC-
chemokine expression (MIP-2, KC, and LIX) in WT and AF508 CF mTECs,
6 and 24 hours after infection (n = 3 Transwells). Data are presented
relative to uninfected mRNA concentrations, and are normalized to
GAPDH mRNA. Means = SEM are shown. No difference was detected
between WT and AF508 mTEC chemokine expression before or after
infection, using unpaired Student ¢ tests for comparisons.
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differences in surface (apical) concentrations of chemokines
were also present before infection (Figure 5b). The basolateral
concentrations of CXC-chemokines secreted from WT and CF
mTECs were not different.

To test whether differences in apical chemokine concentra-
tions were of functional significance, we examined the transit of
murine WT neutrophils across polarized WT and CF murine
epithelial cells grown on Transwell supports in response to
stimulation with P. aeruginosa. Consistently greater numbers of
murine neutrophils migrated through Transwells when co-
cultured with CF mTECs compared with WT mTECs (Figure 6),
which indicates a relative difference in the chemoattractant
gradient across CF cells compared with WT cells.

DISCUSSION

Chronic infection and neutrophilic inflammation are hallmarks
of CF airway diseases. In this manuscript, we report our sys-
tematic and comprehensive study of chemokine responses in
a genetically defined, polarized airway epithelial cell model,
which demonstrated increased expression and asymmetric
CXC-chemokine secretion after infection with P. aeruginosa.
The bacteria-stimulated airway epithelium contributed to the
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Figure 5. Total chemokine secretion and concentrations of WT and
AF508 CF mTECs, 24 hours after stimulation with P. aeruginosa PAO1.
(a) Total MIP-2 and KC released from WT and AF508 CF mTECs, before
and 24 hours after infection with 108 CFU/ml P. aeruginosa PAO1 (n =
5-7 Transwells). No differences were evident in patterns or quantities of
chemokines released from WT and AF508 CF mTECs. (b) Apical and
basolateral concentrations of MIP-2 and KC were derived, using
calculated apical surface volumes for WT and AF508 CF mTECs before
and 24 hours after infection with 108 CFU/ml P. geruginosa PAO1 (n =
5-7 Transwells). Means + SEM are shown. *P < 0.05 and TP < 0.005,
using unpaired Student t tests for statistical comparisons. Although
CXC-chemokines were primarily secreted basolaterally, greater con-
centrations were present at the apical surface because of the minute
volume of surface-lining fluid. The apical microenvironment of airway
epithelial cells amplifies the inflammatory signal, which is greater at the
surface of CF epithelia.
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Figure 6. Neutrophil chemotaxis in WT and AF508 CF mTECs, 6 hours
after apical stimulation with 108 CFU/ml P. aeruginosa PAOT (n = 4-6
Transwells) in replicate experiments. Murine WT bone marrow cells
were added to the basolateral compartment and incubated for 1 hour.
Cells from the upper surface of Transwell supports were stained with
Gr1 antibody. Greater numbers of murine neutrophils migrated
through Transwells when co-cultured with infected CF airway epithelial
cells. Means = SEM are shown. *P < 0.01, using unpaired Student
t tests for statistical comparisons.

inflammatory response by attracting immune cells through a vec-
torial chemokine signal. Furthermore, the desiccated microenvi-
ronment of the apical surface of CF epithelia concentrated the
inflammatory signal, as evidenced by greater chemotaxis to
murine CF epithelial cells compared with WT cells.

Because epithelial cells that line the airways express CFTR
and contribute to the inflammatory response, several investiga-
tors postulated that the CF epithelial cell mediates a dysregu-
lated inflammatory response. Different regulatory pathways
have been implicated in the exaggerated inflammatory response
described in CF airways (31-35). Potentially, CF AECs could
amplify the recruitment of neutrophils through a constitutive
and pathogen-induced release of inflammatory mediators
disproportionate to the infectious threat. In vitro and in vivo
CF epithelial cell models produce a greater release of CXC-
chemokines and other mediators, either spontaneously or after
exposure to inflammatory stimuli, compared with WT or
complemented cells. Microarray expression profiles of immor-
talized cell lines after infection with Pseudomonas showed
quantitative differences in the expression of genes in CF AECs
controlled by the NF-«B transcription factor (32, 33). However,
none of these studies examined functional effects of the
exaggerated expression of chemokines.

The epithelial cell lines used in many of these investigations
were derived from patients with CF, and CFTR-complemented
control cell lines were created using plasmid transfection or
viral vector infection for the transient or stable expression of
wild-type CFTR. These lines are frequently derived from
a single cell type, and their phenotype may be altered because
of genetic manipulation or the unique genetic features of the
individual from whom the cells were obtained. Other ap-
proaches reduced the expression or function of CFTR in
epithelial cell lines from normal individuals by overexpressing
the regulatory domain or antisense oligonucleotides. Such
models are advantageous for “matched” comparisons of iso-
genic CF and non-CF cell lines when studying physiology (4-9).
However, immortalization and complementation can affect cell
morphology, function, and gene expression, thus limiting their
usefulness in defining epithelial inflammatory responses. And
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not all reports have described a hyperinflammatory response in
CF epithelial cells when compared with normal or comple-
mented cells (10-14). We have previously shown that in vitro
CF airway epithelial cell lines differ in their responses to
inflammatory stimuli (15). The genetic heterogeneity of primary
human-derived cells may affect inflammatory gene expression
because of non-CFTR genetic modifiers, underscoring a limita-
tion of these cells. Here, we used a murine tracheal epithelium
model of polarized, well-differentiated CF and WT epithelia,
consisting of syngeneic cells, with a cellular composition similar
to that of the native murine airway. Ion transport in the mTEC
model is consistent with reports of ex vivo tracheal preparations
(25). Although this model may be limited by differences in
murine strains, it provided a highly reproducible response to
infection that can be directly compared among different CFTR
mutations (36).

In response to inhaled bacteria, the airway epithelial cell is
armed with cytokines and chemokines that can be vectorially
secreted to control the inflammatory response. Within the
airway lumen, concentrations of chemokines are controlled by
the microenvironment of minute fluid volume covering the
apical surface. The volume and composition of airway surface
liquid are modified by ion transport across epithelial cells via
the generation of osmotic gradients that regulate transepithelial
fluid movement. The airway epithelium finely adjusts and
regulates the volume of the thin airway-surface fluid layer,
and the essential role of epithelial ion transport in this process
is illustrated in the CF airway. In the absence of functioning
CFTR, the impaired secretion of chloride and unregulated
absorption of sodium lead to the depletion of airway-surface
fluid. Using confocal microscopy to measure airway surface
fluid, the depth of surface fluid covering human CF AECs
grown in primary cultures was consistently half that measured in
non-CF cells (24, 28-30). The depleted airway fluid layer causes
impaired mucociliary clearance and chronic bacterial coloniza-
tion (1), which are cardinal features of CF. Our observations
extend this hypothesis, and suggest that the dehydrated airway
surface fluid layer concentrates chemokines released at the
apical surface after infection (Figure 7), amplifying the in-
flammatory response. This phenomenon may be present even
in nonstimulated CF cells, possibly explaining the inflammatory
phenotype described in uninfected CF airway models (37).

The response of different epithelia to inflammatory stimuli is
asymmetric, as described in other model systems. For example,
polarized human bronchial epithelial cells release IL-8 and
regulated on activation, normal T expressed and secreted
chemokine (RANTES) from the basolateral side after stimula-
tion with respiratory syncytial virus (RSV) (38). We observed

similar responses in respiratory epithelial cells. Moreover, IL-8
is preferentially released at the basolateral surface of human
colonic epithelial cells after treatment with enterotoxin (16),
and in polarized renal tubular epithelial cells after stimulation
with IL-1a (39). Although the chemokines we examined (MIP-
2, KC, LIX, and IP-10) are released basolaterally, higher
concentrations of chemokines were measured at the apical
surface. Similar to our previous investigations using differenti-
ated human airway epithelial cells (15), these results did not
demonstrate a greater release of inflammatory mediators from
CF mTECs.

Several inflammatory mediators, including CXC family
members (MIP-2, KC, LIX, and IP-10), were up-regulated
and preferentially released basolaterally. Interestingly, those
CXC-chemokines cluster in the same region of chromosome 5
in the mouse, and are conserved in a similar structure on human
chromosome 4, suggesting shared regulation. This region in the
human genome is proximate to the IL-8 gene, the primary
chemoattractant in the CF lung (40, 41), indicating a redundant
role in the inflamed lung (42, 43). All four chemokines are
involved in neutrophil chemotaxis mediated through CXC
receptors 1 and 2 (44), consistent with the neutrophil-dominated
pathology of the CF lung and corroborating the validity of
responses in our cell model.

Although the concentration of basolaterally secreted chemo-
kines did not differ between CF and WT cells, several factors
may affect concentrations at the apical surface. The volume and
composition of apical surface liquid are modified by ion trans-
port across epithelial cells by generating osmotic gradients that
regulate transepithelial fluid movement. The essential role of
epithelial ion transport for this process is illustrated in the CF
airway, where the impaired secretion of chloride and unregu-
lated absorption of sodium lead to the depletion of airway
surface fluid. Several studies showed that the depth of surface
fluid covering human CF AECs grown in primary culture was
consistently half that measured in non-CF cells (24, 28-30). The
dehydrated airway surface fluid layer concentrates chemokines
released at the apical surface after infection, amplifying the
inflammatory response and thus promoting greater neutrophil
chemotaxis. The effect of reduced apical fluid volume may even
be greater during acute viral infections of the respiratory tract.
Infections with RSV inhibit nucleotide-dependent periciliary
fluid homeostasis in CF airway epithelial cells in vitro, further
reducing the depth of periciliary fluid (28).

We present our findings with the caveat that airway epithelia
from different species can express different electrophysiological
properties (45), which could affect our assumptions about
airway surface fluid volumes. Alternately, intrinsic differences

Figure 7. Schematic diagram shows the concentration
effect of secreted chemokines at the apical surface of WT
(a) and CF (b) airway epithelia, which is greater in CF cells
and is related to the desiccation of the periciliary fluid
space.
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in cell junctions may exist between CF and WT epithelial cells
that enhance the ability of neutrophils to migrate pericellularly
(46). Regardless, relative to the in vivo condition, this model
may underestimate the inflammatory response, because it does
not include the contributions of chemokine secretion from
immune cells that reside at the airway surface (23).

In conclusion, our findings show that inflammatory mediators
in the P. aeruginosa—infected airway model up-regulate CXC-
chemokines, and activate a primarily basolateral release of
chemokines from the airway epithelium. However, the minute
surface fluid volume that covers the airway results in greater
apical CXC concentrations, creating a concentration gradient
across the epithelium. Moreover, because the apical microenvi-
ronment of the CF airway is different from that of normal
epithelium with decreased airway surface fluid volume, the apical
chemokine concentrations are even greater, thus signaling neu-
trophils to migrate into the CF airway lumen. Already a thera-
peutic target for CF lung disease (47), the restoration of apical
surface fluid volume could confer the benefit of reducing the
inflammatory response by lowering this gradient.
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