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Clara cells impact the pulmonary innate immune response to LPS
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Senior RM. Clara cells impact the pulmonary innate immune response to
LPS. Am J Physiol Lung Cell Mol Physiol 293: 1.383-1.392, 2007. First
published May 25, 2007; doi:10.1152/ajplung.00024.2007.—Airway ep-
ithelial cells secrete proinflammatory mediators in response to LPS, but
cytokine production by a prominent nonciliated bronchiolar epithelial
cell, the Clara cell, specifically, is unknown. To investigate Clara cell
cytokine production in response to LPS, we used a transformed murine
Clara cell line, C22, and isolated Clara cells from C57B1/6 mice. Stim-
ulation of both cell types with LPS resulted in significant upregulation of
keratinocyte-derived chemokine (KC) and monocyte chemoattractant
protein-1, but did not induce TNF-a production. To determine whether
LPS induces cytokine production by Clara cells in vivo, LPS was instilled
intratracheally into mice. KC was expressed by Clara cells, alveolar type
2 cells, and alveolar macrophages, 2 h after LPS administration, as
determined by in situ hybridization. TNF-«, although not expressed in
airway epithelial cells, was expressed primarily in alveolar macrophages
in response to LPS. To assess the impact of Clara cells on KC and TNF-a
production in the lung in the early response to LPS, mice were treated
with naphthalene to selectively induce Clara cell injury before LPS
stimulation. KC expression in the airways and the lung periphery, and KC
and TNF-« levels in the bronchoalveolar lavage fluid, were significantly
reduced in naphthalene-treated vs. vehicle-treated mice after LPS stimu-
lation. Furthermore, transwell cocultures of C22 cells and RAW264.7
macrophages indicated that C22 cells released a soluble factor(s) in
response to LPS that enhanced macrophage production of TNF-a.. These
results indicate that Clara cells elaborate cytokines and modulate the lung
innate immune response to LPS.
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THE AIRWAY EPITHELIUM is composed of several cell types that
differ in their structure and function. The major cell types are
ciliated cells, mucus cells, and Clara cells (17). Over the past
decade, the traditional view of the airway epithelium as only a
structural barrier has changed. It is now recognized that cells
lining the airways are capable of producing a variety of
proinflammatory cytokines that participate in innate immune
responses (22, 41, 51, 53, 65). Specifically, it has been dem-
onstrated that human and animal airway epithelial cell lines
produce proinflammatory factors [leukotriene By, 12-hydroxy-
eicosatetraenoic acid, IL-6, IL-8, TNF-a,, ICAM-1, monocyte
chemoattractant protein (MCP)-1, granulocyte colony-stimu-
lating factor (G-CSF), and granulocyte/macrophage colony-
stimulating factor (GM-CSF)] in response to endotoxin or
bacteria (23, 25, 46). Airway epithelium also produces cyto-
kines [transforming growth factor (TGF)-31, eotaxin-2 and -3,
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and regulated upon activation T cell expressed and secreted
(RANTES)] in allergic airway inflammation and remodeling
(15, 38, 57), and bronchial epithelial cells obtained by bron-
chial biopsy exhibit differential expression of cytokines (spe-
cifically MCP-1) between asthmatics and healthy controls (52).
In response to cigarette smoke in patients with chronic obstruc-
tive pulmonary disease, airway epithelium expresses proin-
flammatory cytokines [IL-8, MCP-1, macrophage inflamma-
tory protein (MIP)-1a, ICAM-1, and TGF-1], and increased
cytokine expression by human bronchial epithelial cells has
been correlated with airflow limitation (12, 16, 31, 53, 54).

Further support for airway epithelium as a source of inflam-
matory mediators comes from studies of mice with alterations
of airway epithelial NF-kB activity. Constitutive overexpres-
sion of IkB kinase selectively in murine airway epithelium
results in phosphorylation of IkBa, NF-kB activation, inflam-
matory mediator production, and neutrophilic lung inflamma-
tion (47), suggesting that overproduction of inflammatory cy-
tokines by airway epithelial cells is sufficient to drive innate
immune responses. Conversely, targeted inhibition of NF-kB
in murine distal airways but not in alveolar macrophages, by
expressing the inhibitory protein IkBa under the Clara cell
10-kDa protein/uteroglobin (CC10) promoter, has led to
marked reductions in secretion of inflammatory cytokines and
influx of neutrophils into the lungs in response to LPS. These
data show that airway epithelial cells, and specifically Clara
cells, produce cytokines that are necessary for the neutrophilic
inflammatory response to LPS (42, 50). Additional data that
both alveolar macrophages and airway epithelial cells are
required for the full lung innate immune response to LPS or
bacteria was generated using radiation bone marrow chimera
between mice deficient in MyD88, an adapter protein involved
in LPS-induced NF-«kB activation, and wild-type mice.
Whereas TNF-a production was exclusively dependent on
cells of hematopoietic origin, the levels of CXC chemokines,
keratinocyte-derived chemokine (KC) and MIP-2, and lung
inflammation were dependent on airway epithelial cells as
well (31).

Clara cells are nonciliated, non-mucus producing secretory
cells present in distal airways. In human lungs, Clara cells
comprise 15-20% of distal airway epithelial cells, whereas in
mice, Clara cells account for 70-90% (39). Clara cells secrete
a variety of proteins, including CC10, Clara cell 55-kDa
protein, surfactant proteins A, B, and D (SP-A, SP-B, and
SP-D, respectively), Clara cell tryptase, and [3-galactoside-
binding lectin (48). Clara cells are also capable of secreting

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

L383

Downloaded from journals.physiol ogy.org/journal/gjplung (065.021.193.086) on March 14, 2022.



L384

proinflammatory cytokines in response to TNF-a (36), but the
significance of cytokine expression by Clara cells in response
to LPS is not known.

Considering the prominence of Clara cells in the distal
airways, we speculate that Clara cells play an important role in
the innate immune responses of the airways. To evaluate
cytokine production by Clara cells, we have examined freshly
isolated Clara cells and the recently developed C22 Clara cell
line (13) for cytokine responses to LPS. The C22 cell line was
developed by isolating Clara cells from the Immortomouse
(21), which harbors a transgenic, temperature-sensitive, major
histocompatibility complex (MHC)-driven, large T-antigen.
When grown in non-permissive conditions, these cells display
many characteristics of mature Clara cells, including growth in
monolayers, dense secretory granules, and production of CC10
and SP-A, SP-B, and SP-D, but not SP-C. Stimulation of either
isolated or C22 Clara cells with LPS resulted in significant
upregulation of KC, but not TNF-a. These observations were
complemented by observations of Clara cells in vivo following
instillation of LPS.

MATERIALS AND METHODS
Cell Culture

C22 cells. C22 cells were obtained and maintained as previously
described (13). Briefly, the cells were maintained in permissive
conditions [DMEM supplemented with 2% FBS, penicillin (100
U/ml), streptomycin (100 wg/ml), amphotericin B (250 p.g/ml), en-
dothelin-1 (0.25 wg/ml), interferon-y (100 U/ml), insulin (10 wg/ml),
transferrin (5 pg/ml), endothelial cell growth supplement (7.5 wg/ml),
epidermal growth factor (0.025 pg/ml), hydrocortisone (0.36 wg/ml),
and T3 (0.02 pg/ml)] at 33°C.

Clara cells. Clara cells were isolated from C57B1/6 mice using a
protocol modified from Corti et al. (11, Atkinson JJ and Senior RM,
unpublished data). Following perfusion of the lungs with saline via the
right ventricle, 0.5 ml of 1% low-melting agarose in PBS was instilled
through the trachea followed by 0.5 ml of 0.25% bovine pancreatic
trypsin (T-8003; Sigma, St. Louis, MO) in HBSS without Ca®>" or
Mg>*. After a 2-min incubation on ice, the lungs were excised and
incubated at 37°C for 10 min. The tissue was diced in DMEM + 250
pg/ml DNase + 2X antibiotic/antimycotic (AB/AM), filtered sequen-
tially through 100- and 40-pm filters, transferred to 50-ml conical
tubes with 2 ml FBS to inhibit the trypsin, and spun three times at 32 g
for 6 min at 10°C. After each spin, the supernatant was discarded, and
pellets were resuspended in 20 ml of DMEM + 2X AB/AM. The final
pellet was resuspended in 8 ml of DMEM + 2X AB/AM, plated on
a 100-mm mouse IgG-coated Petri plate, and incubated for 1 h at 37°C
to remove contaminating macrophages. Nonadherent cells were sub-
sequently collected, and aliquots were stained with nitroblue tetrazo-
lium (NBT) and counted to determine Clara cell purity, as previously
described (35).

RAW264.7 macrophages. Murine RAW264.7 macrophages, ob-
tained from American Type Culture Collection (Rockville, MD), were
maintained in low bicarbonate (1.5 g/l) DMEM, supplemented with
10% FBS, penicillin (100 U/ml), streptomycin (100 pwg/ml), and
4 mM L-glutamine.

Mice

Six- to eight-week-old C57B1/6 mice (Taconic, Hudson, NY) were
housed in a barrier facility under veterinary care of the Department of
Comparative Medicine at Washington University School of Medicine.
All procedures involving mice were approved by the Washington
University School of Medicine Animal Studies Committee and were
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performed in accordance with the Animal Welfare Act and the Guide
for the Care and Use of Laboratory Animals.

Stimulation of C22 and Clara Cells with LPS

C22 cells were plated at a density of 4.5 X 10° cells/60-mm plate
and incubated overnight in non-permissive conditions (media not
containing interferon-y at 39°C to inactivate the MHC-driven large
T-antigen) in a 10% CO, incubator (13). On the basis of NBT
staining, the number of isolated Clara cells was plated at a density of
3.75 X 10° cells/well in DMEM + 2X AB/AM + 10% FBS in a
24-well plate. Following overnight incubation, C22 or Clara cells
were washed three times in serum-free media and incubated for
various times with serum-free media alone or media containing 0.1
pg/ml Escherichia coli LPS (L-4005, Sigma), a concentration that
achieves maximal cytokine production (data not shown). In some
experiments, cells were treated with 10 pg/ml cyclohexamide 30 min
before and during LPS treatment.

Detection of Cytokine Production

Conditioned media of C22 and Clara cell cultures treated with LPS
for 24 h were collected, and cytokine levels were assayed using the
Raybio Mouse Cytokine Antibody Array (MA6060, TranSignal) ac-
cording to the manufacturer’s recommendations. Blots were scanned,
and analysis of optical densities (OD) was performed on a PC using
the public domain NIH Image program (developed at National Insti-
tutes of Health and available at http://rsb.info.nih.gov/nih-image/).
The average OD of each cytokine was normalized to the average OD
of the biotin-conjugated controls (top left and bottom right corners of
each membrane) on the same membrane, to eliminate loading differ-
ences between membranes. Fold change was then determined as the
difference between normalized untreated and LPS-treated conditions.
Quantities of KC, MCP-1, and TNF-« in the conditioned media were
determined by ELISA according to the manufacturers’ recommenda-
tions (Mouse KC Duoset DY453, R&D Systems, Minneapolis, MN;
OptEIA Sets for Mouse MCP-1 and TNF-a, BD Biosciences, San
Jose, CA). ELISA data represent at least three independent experi-
ments performed in triplicate.

RNA Isolation and Quantitative Real-Time PCR

RNA was isolated from C22 cells using the ToTALLY RNA
isolation kit (Ambion, Austin, TX). One microgram of total RNA was
reverse transcribed using random hexamers and the Tagman Reverse
Transcription Reagents kit (Roche, Branchburg, NJ). After reverse
transcription, real-time PCR reactions were performed using a
Mx3000p thermocycler (Stratagene, La Jolla, CA), CYBR green, and
primers specific for KC, MCP-1, or TNF-a.. The primers for mouse
KC were 5'-GGGCGCCTATCGCCAAT-3" and 5'-ACCTTCAAG-
CTCTGGATGTTCTTG-3" (64). The primers for mouse MCP-1 were
5'-ACTGAAGCCAGCTCTCTCTTCCTC-3" and 5'-TTCCTTCTT-
GGGGTCAGCACAGAC-3' (20). The primers for mouse TNF-a were
5'-CCAGGCGGTGCCTA-3" and 5'-GGCCATTTGGGAAC-3" (45).
The primers for the mouse housekeeping gene L32 were 5'-CAGGGT-
GCGGAGAAGGTTCAAGGG-3' and 5'-CTTAGAGGACACGTTGT-
GAGCAATC-3" and were used as a control. All samples were run in
duplicate. Samples were run for 40 cycles at 95°C for 15 s and 60°C
for 1 min. The cycle threshold (Cr) for each condition was determined
and normalized to that of the L32 housekeeping gene for loading.
Differences between Cr values (ACt) of LPS-treated and untreated
samples were used to calculate the fold change (fold change =
27AACT) (28)

Intratracheal Administration of LPS

Mice were anesthetized by intraperitoneal injection of 87 mg/kg
ketamine + 13 mg/kg xylazine. Under sedation, the trachea was
exposed, and 50 wl of PBS alone or containing 200 ng of LPS was
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instilled directly into the trachea via an insulin syringe. After 2 h, mice
were killed by carbon dioxide narcosis, and bronchoalveolar lavage
(BAL) fluids were obtained, as previously described (1). The BAL
fluids were assayed for cytokines by ELISA. The lungs were inflation-
fixed with formalin and paraffin-embedded as previously described
(3). In some experiments, 2.5 h before intratracheal LPS, mice were
treated with naphthalene (300 mg/kg body wt) in corn oil or with
equivalent volume of vehicle alone, by intraperitoneal injection, as
previously described (27).

In situ Hybridization

The cell-type patterns of expression of KC and TNF-a in response
to LPS were determined by in situ hybridization (ISH). A 315-bp
fragment corresponding to nucleotides 533—847 of the mouse KC
gene (34) was amplified by PCR using the full-length mouse KC
cDNA (provided by Dr. Tom Hamilton, Lerner Research Institute,
Cleveland Clinic Foundation, Cleveland, OH) (2) as the template. A
232-bp fragment corresponding to nucleotides 6180—6411 (14) of the
mouse TNF-a gene was amplified by PCR using the full-length mouse
TNF-a cDNA (provided by Dr. Christoph Muller, Institute of Pathol-
ogy, Bern, Switzerland) (10) as the template. The resulting PCR
products were subcloned into the pCRII-TOPO vector using the
TOPO TA cloning kit (Invitrogen, Carlsbad, CA) as per the manu-
facturer’s recommendations. Following vector linearization, sense and
antisense digoxigenin (DIG)-labeled probes were generated using the
DIG RNA Labeling Mix (Roche) and T7 or SP6 RNA polymerase.
Hybridization of the DIG-labeled probe to 5-pwm lung sections was
performed as previously described (56), and DIG was detected using
the alkaline phosphate-conjugated anti-DIG antibody (Roche) and the
BM purple alkaline phosphate substrate solution (Roche) as per the
manufacturer’s recommendations. Slides were counterstained with
tartrazine yellow for contrast. To determine the number of peripheral
lung cells expressing KC, DIG-positive cells were counted in five
random high-power fields (HPF, X40) in one lung section, obtained
from at least 10 mice per condition. Results are expressed as the
average number of KC-expressing cells per HPF.

Immunohistochemistry

Five-micrometer-thick sections were immunostained for Clara cells
(anti-CC10, 1:25,000; provided by Gurmukh Singh, Univ. of Pitts-
burgh, Veterans Affairs Hospital) (49), for type 2 cells (anti-SP-C,
1:5,000; Millipore, Temecula, CA), or for macrophages (anti-Mac3,
1:500; BD Biosciences). Immunostaining was developed using a goat,
rabbit, or rat ABC Elite Kit (Vector Laboratories, Burlingame, CA),
respectively, followed by DAB (for CC10 or SP-C) or Vector
NovaRed (for Mac3) Substrate Kit (Vector Laboratories). All slides
were then counterstained with hematoxylin.

Alveolar Macrophages Isolation and Treatment

C57BIl/6 mice in groups of five were treated with naphthalene (300
mg/kg body wt) in corn oil or with equivalent volume of vehicle alone
by intraperitoneal injection. After 2.5 h, BAL fluids obtained from the
five mice per condition were pooled. Cells were cytospun and differ-
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entially stained, and equivalent numbers of alveolar macrophages
were plated in a 24-well plate. The cells were allowed to adhere for
2 h and then were treated with LPS (0.1 pg/ml) in serum-free media
for 4 h. The cell-conditioned media were assessed for TNF-a content
by ELISA, as described above. Data represents at least three indepen-
dent experiments in triplicate.

Transwell Coculture System and LPS Stimulation

RAW264.7 macrophages were plated at a density of 1 X 10° in the
top chamber of 22-mm-diameter, 0.4-pwm pore size Costar Transwell
Permeable Supports (Corning, Corning, NY), and C22 cells were
plated in non-permissive media not containing interferon-y at a
density of 2.5 X 10° cells in the bottom chamber. Following an
overnight incubation at 37°C, the media in the top chamber was
replaced with serum-free media alone, whereas the media in the lower
chamber was replaced with either serum-free media alone or contain-
ing 0.01 pg/ml LPS. After 24 h, the conditioned media from both the
bottom and the top chambers were pooled and assayed for TNF-a by
ELISA as described above. RAW264.7 and C22 cells treated with
LPS in monocultures served as controls. Total RNA was isolated from
C22 cells, reverse transcribed, and analyzed for TNF-ao mRNA using
quantitative real-time PCR (qPCR) as described above.

Statistical Analysis

All analysis was performed using SPSS 12.0 for Windows. An
independent two-sided #-test was used to analyze the relationship
between continuous variables. A P value of less than 0.05 was
considered significant. All data represent at least three independent
experiments performed in triplicate.

RESULTS
Cytokine Profile of C22 Cells in Response to LPS

To determine whether C22 cells express cytokines in re-
sponse to LPS, we used a cytokine antibody array containing
antibodies to 32 cytokines, including CXC chemokines (KC
and MIP-2), CC chemokines [RANTES, MIP-1a, MIP-3f3,
MCP-1, MCP-5, 6-cysteine chemokine (6Ckine), cutaneous T
cell-attracting chemokine (CTACK), eotaxin, thymus and ac-
tivation-regulated chemokine (TARC)], colony-stimulating
factors [G-CSF, GM-CSF, stem cell factor (SCF), VEGF,
thrombopoietin (TPO)], pleiotropic cytokines (TNF-a), and
receptors (STNFri), interferons (IFN-v), interleukins (IL-2, -3,
-4, -5, -6, -9, -10, -12p40, -12p70, -13, -17), metalloproteinase
inhibitors (TIMP-1), and hormones (leptin). Several NF-«B-
dependent cytokines were upregulated by C22 cells in response
to LPS. KC production was markedly upregulated in response
to 24-h treatment with LPS (14.6-fold; Fig. 1). MCP-1 and
MIP-2 were also upregulated by C22 cells in response to LPS,
but much less than KC (2.8- and 2.3-fold, respectively).
RANTES was constitutively produced by C22 cells, but the

U_ntreated ) LPS Cytokine Fold change Fig. 1. Cytokine profile of C22 cells in response to
LPS. C22 cells were treated with LPS for 24 h, condi-
. . — | KC 14.55 tioned media from 3 independent experiments were
/;\ f\ —= [ mcpa 280 collected, and cytokine production was assayed using a
l , ® ‘0 ' B . mouse antibpdy array. Blots Wer.e.scanned, optical deq—
f.\ : i~ o (‘ > F \: — | MiP-2 232 thy was .adJusted based on_posmve controls (fop left,
VY 1o1e o™y ottom right), and the fold-change, from untreated to
O | ot ! 1 O l.} Lglaal 1 — — | RANTES 1.38 LPS-treated, was calculated as described in MATERIALS
w A . o oM A% - | tNFa 0.76 AND METHODS. KC, keratinocyte-derived chemokine;
“ 3§ MCP-1, monocyte chemoattractant protein-1; MIP-2,

=== | sTNFri 1.7 macrophage inflammatory protein-2.
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response to LPS was minimal. Many other NF-kB-dependent
cytokines, and specifically TNF-a, were not detected in the
conditioned media at baseline or in response to LPS. This
absence of TNF-a was surprising given the ubiquitous nature
of TNF-a and its documented secretion by other cells in
response to LPS (23). Moreover, soluble TNF-a receptor
(sTNFR) was detected in the culture media at baseline and was
upregulated in response to LPS (1.7-fold), suggesting that the
lack of TNF-a secretion was not due to an inability of C22
cells to cleave membrane bound TNF-a, a step catalyzed by
TNF-a converting enzyme for both substrates (6, 32, 43).

Timing of Cytokine Secretion by C22 Cells in Response
to LPS

As the cytokine antibody array provides only semiquantita-
tive data, we quantified the secretion of several of the cytokines
that were found to be induced by LPS using ELISA. KC and
MCP-1 secretion in response to 24 h of LPS treatment reached
40-60 ng/ml, but MIP-2 levels were much lower, reaching 0.3
ng/ml (Fig. 2A). We also assayed for TNF-a in the culture
media of LPS-treated C22 cells and found that it was absent,
confirming the results obtained using the antibody array (Fig.
1). Next, we determined the kinetics of KC and MCP-1
secretion during 24 h of exposure to LPS. A gradual increase
in MCP-1 and KC, to a lesser extent, was detected in the media
of untreated C22 cells over the 24-h period (Fig. 2B). However,
the secretion of KC and MCP-1 was significantly elevated by
2 h of LPS stimulation and continued to increase over the entire
24-h period of study.

KC Secretion by C22 Cells in Response to LPS is Due to
New Synthesis

To determine whether the increased secretion of KC and
MCP-1 in response to LPS reflected increased gene expression,
gPCR was performed on RNA isolated from C22 cells stimu-
lated with LPS for 24 h. It demonstrated increases in mRNA
for both KC and MCP-1 in response to LPS (Fig. 3). In contrast,
gPCR for TNF-a revealed virtually no TNF-a mRNA in C22
cells at baseline (Ct = 36.3+/—1.1) or in response to LPS (Ct =
36.9+/—0.7), excluding the possibility of rapid uptake and turn-
over of TNF-a as the basis for its absence in the media.

As Clara cells contain cytoplasmic granules that can be
secreted upon stimulation (63), we examined whether KC is
primarily synthesized or secreted in response to LPS stimula-
tion. Accordingly, C22 cells were treated with cyclohexamide,
a protein synthesis inhibitor, before and during 6 h of LPS

A

80

Fig. 2. Quantitative and time-dependent secretion of cytokines 40
by C22 cells in response to LPS. C22 cells were treated with 20
LPS for 24 h, and the levels of KC, MCP-1, MIP-2, and TNF-a
in the conditioned media were measured by ELISA (A). C22
cells were treated with LPS, and KC and MCP-1 production in

done in triplicate = SE. *P < 0.001, **P = 0.02. 0.31

-
% A '
2 0.9
the conditioned media was measured by ELISA at selected time 0.6
points (B). Data represents at least 3 independent experiments
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Fig. 3. Quantitative RT-PCR for KC and MCP-1 expression by C22 cells in
response to LPS (24 h). C22 cells were treated with LPS for 24 h. RNA was
isolated from untreated and LPS-treated C22 cells and reverse transcribed.
Real-time PCR reactions were performed for KC and MCP-1. Data represents
at least 3 independent experiments done in triplicate = SE. *P < 0.05.

stimulation. In the presence of 10 wg/ml cyclohexamide, LPS
failed to induce production of KC by C22 cells (data not
shown). Thus, LPS induces new synthesis of KC, and Clara
cells do not store KC in granules.

Isolated Clara Cells Secrete KC and MCP-1 But Not TNF-«
in Response to LPS

C22 cells have many characteristics of mature Clara cells
(13). To determine whether C22 cytokine production in re-
sponse to LPS is similar to that of normal mouse Clara cells,
we isolated Clara cells from C57Bl/6 mice. The cells were
incubated in serum-free media alone or containing LPS for
24 h. Like C22 cells, Clara cells secreted both KC and MCP-1
under basal conditions, and upregulated their secretion in
response to LPS (Fig. 4). Also, similar to C22 cells, Clara cells
did not secrete TNF-a in response to LPS stimulation. The lack
of TNF-a in the culture media of LPS-treated Clara cells
confirms that our isolated cells are free of inflammatory cells.
Thus cytokine production by Clara cells and C22 cells is
similar with regard to production of these cytokines.

KC Expression in Response to LPS In Vivo

To evaluate whether the Clara cell response to LPS in vitro
reflects in vivo responses, we administered LPS intratracheally
to C57Bl/6 mice. By ISH, KC expression was prominent
within 2 h of LPS stimulation in both airway epithelial and
parenchymal lung cells (Fig. 5B), whereas it was only mini-
mally expressed in the lungs of mice treated with PBS alone
(Fig. 5A). An increase in TNF-a expression was also detected
2 h after LPS stimulation, but only by cells in the periphery of
the lung, and not by airway epithelial cells (Fig. 5E). Sense
controls did not show KC (Fig. 5C) or TNF-a (Fig. 5F)
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Fig. 4. Isolated Clara cells secrete KC and MCP-1, but not TNF-q, in response
to LPS. Clara cells were isolated from C57BI/6 mice, as described in MATE-
RIALS AND METHODS, and treated with LPS for 24 h. The levels of KC, MCP-1,
and TNF-« in the conditioned media were measured by ELISA. Data repre-
sents at least 3 independent experiments done in triplicate = SE. *P < 0.001.

expression. These results indicate that the in vitro responses of
Clara cells reflect the responses in vivo.

To identify the cells that express KC after LPS stimulation,
immunohistochemistry was performed on serial sections using
antibodies to cell-specific markers for Clara cells (CC10), alveolar
type 2 cells (SP-C), or macrophages (Mac3). The majority of the
KC-expressing cells in the airways also express CC10, indicating
that Clara cells express KC in vivo in response to LPS (Fig. 6, A
and B). In the lung periphery, the KC-expressing cells were
identified as either alveolar macrophages (Fig. 6, D and E) or
alveolar type 2 epithelial cells (Fig. 6, G and H). Secondary
antibody-alone controls showed no staining (Fig. 6, C, F, and ).
With the same approach, the peripheral lung cells that expressed
TNF-« in response to LPS were identified to be almost exclu-
sively alveolar macrophages (data not shown).

Naphthalene-Treated Mice Express Less KC in Both Airway
Epithelial Cells and Parenchymal Lung Cells in Response
to LPS

Naphthalene is a polycyclic aromatic hydrocarbon that be-
comes converted into a toxic intermediate by cytochrome P-450
monooxygenase (40). Cells that lack the specific cytochrome
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P-450 that converts naphthalene to its toxic metabolite, such as
alveolar macrophages (19), would not be directly affected by
naphthalene treatment. However, Clara cells, the principal site in
the lung of xenobiotic metabolism by the cytochrome P-450
monooxygenase system (58), become selectively targeted in this
model of lung injury. After only 2-3 h of naphthalene exposure,
many Clara cells exhibit apical membrane blebbing, heavy con-
solidation of cytoplasmic spaces, and swollen smooth endoplas-
mic reticulum (SER), but there are only few permeable cells (59).
Within 6 h of naphthalene exposure, the majority of Clara cells
demonstrates increased permeability (59), and within 48 h, naph-
thalene induces exfoliation of Clara cells into the airway lumen
(58). To determine the significance of Clara cell cytokine produc-
tion in response to LPS, we intratracheally administered LPS to
mice 2.5 h after naphthalene treatment, a point in which the
epithelial barrier function should still be intact.

Naphthalene alone did not induce KC expression of PBS-
treated mice (Fig. 7B) nor did treatment with the corn oil
vehicle used to solubilize naphthalene (Fig. 7A). Furthermore,
pretreatment with corn oil had no affect on LPS-induced KC
expression (Fig. 7C). However, naphthalene-treated mice
given LPS did not express KC in the airways, further demon-
strating that Clara cells are the KC-expressing cells in the
airways (Fig. 7D). Interestingly, the number of peripheral lung
cells expressing KC in response to LPS was significantly lower
in naphthalene-treated mice (29.3+/—1.9 KC-expressing cells)
compared with corn oil-treated mice (41+/—2.4 KC-express-
ing cells; P < 0.001; Fig. 7E). To ensure that naphthalene does
not exert a cytotoxic effect on macrophages, alveolar macro-
phages were isolated from naphthalene and corn oil-treated
mice and stimulated with LPS in vitro. The cells from both
groups of mice were viable as determined by trypan blue
exclusion (data not shown), and their TNF-a production was
similar (Fig. 7F). Since naphthalene selectively injures Clara
cells, these data suggest that Clara cell stimulation by LPS
affects KC production by cells in the lung periphery.

KC and TNF-a in the BAL Fluids of LPS-Treated Mice Are
Reduced Following Naphthalene-Induced Clara Cell Injury

To determine the contribution of Clara cells to the quantity
of cytokines in the BAL fluid, we examined the BAL fluids of

Fig. 5. In situ hybridization for KC and
TNF-o mRNA following intratracheal LPS
administration. C57Bl/6 mice were treated
with intratracheal PBS (A, D) or PBS contain-
ing 200 pwg of LPS (B, C, E, F). After 2 h,
lungs were inflation-fixed with formalin and
paraffin embedded. Lung sections were
probed for KC (A and B) or TNF-a (D and E)
expression by in situ hybridization (ISH) us-
ing digoxigenin (DIG)-labeled RNA probes.
Sense probes for KC (C) and TNF-a (F) were
used as negative controls. Blue staining rep-
resents positive hybridization. Sections were
counterstained with tartrazine yellow for con-
trast. Images represent at least 3 independent
experiments using at least 2 mice/condition.
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Fig. 6. Clara cells, alveolar type 2 cells, and
alveolar macrophages express KC in response
to LPS. C57Bl/6 mice were treated with intra-
tracheal LPS. Serial lung sections were exam-
ined for KC expression by ISH (A, D, G) and
for CC10 (B), surfactant protein C (E), or
Mac3 (H) production using immunohisto-
chemistry. Secondary antibody alone served as
negative controls (C, F, and I). Images repre-
sent at least 3 independent experiments using
at least 2 mice/condition. Arrows point to pos-
itive hybridization or immunostaining.

mice treated with corn oil alone or containing naphthalene
before LPS stimulation, for KC and TNF-a. Whereas the
amounts of KC in the BAL fluid of untreated and corn
oil-treated mice were similar 2 h after LPS stimulation, KC
was significantly reduced in the BAL fluid of naphthalene-
treated mice compared with untreated mice (3.4-fold) or mice
given corn oil (3.5-fold; Fig. 8). TNF-a was also significantly
reduced in the BAL fluid in naphthalene-treated mice com-
pared with untreated (2.7-fold) and corn oil-treated mice (3.2-
fold). As TNF-«a is expressed almost exclusively by macro-
phages after LPS administration, these data suggest that Clara
cells can modulate the pulmonary innate immune response to
LPS by regulating the production of cytokines by resident
macrophages.

LPS-Stimulated C22 Cells Release A Diffusible Factor That
Augments Macrophage Cytokine Production

Our data indicate that Clara cells in the airways of mice can
modulate the cytokine production by macrophages in the lung
periphery. To determine whether Clara cells release a diffus-
ible factor in response to LPS to exert their effects on macro-
phages, we used a transwell coculture system in which
RAW264.7 macrophages were grown in the top chamber and
C22 cells were grown in the bottom chamber. LPS was added
to the media in the bottom chamber, and following 24-h
incubation, the conditioned media from both chambers were
pooled and assayed for the presence of TNF-a. No TNF-a was
detected in the conditioned media when RAW264.7 macro-
phages and C22 cells were grown in this transwell coculture
system in the absence of LPS (Fig. 9). In addition, no TNF-a
was detected in the conditioned media from C22 cells grown
alone in the presence of LPS, as also seen in Fig. 2. However,
treatment of RAW?264.7 macrophages alone with LPS induced
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production of TNF-a (Fig. 9). Furthermore, following LPS
treatment, a marked increase in the amount of TNF-oo was
detected in the conditioned media from transwell cocultures of
C22 and RAW264.7 cells compared with that detected in the
conditioned media from RAW264.7 cells alone. qPCR for
TNF-a in untreated C22 cells alone and in LPS-treated C22
cells that were cocultured with macrophages revealed essen-
tially undetectable amounts of transcripts under both condi-
tions. Thus these data suggest that C22 cells secrete a diffusible
factor(s) that significantly augments TNF-a secretion by
RAW264.7 macrophages in response to LPS.

DISCUSSION

Our study sheds light on the cellular sources of the major
proinflammatory cytokines (KC and TNF-a) in LPS-induced
lung inflammation. We report that Clara cells produce cyto-
kines in response to LPS, including KC, a potent neutrophil
chemoattractant, and the human IL-8 homolog, both in vitro
and in vivo. In addition, we observed that whereas LPS induces
the expression of several NF-kB-regulated cytokines by Clara
cells, others, among which is TNF-«, are not induced. Our data
further suggest that the alveolar macrophage expression of
TNF-a in response to LPS is modulated by a secreted factor(s)
produced by the airway epithelial Clara cell.

Until recently, Clara cell research was hampered by rela-
tively low yields from cell isolations and a rapid loss of
phenotypic characteristics in culture (4, 7, 8, 29, 35, 60).
Development of a murine Clara cell line (C22) from the
Immortomouse helps to overcome these problems (13). Using
isolated Clara cells, we confirmed that the cytokine profile
produced by C22 cells replicated the profile produced by
normal Clara cells in response to LPS. Thus it appears that C22
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Fig. 7. Naphthalene-treated mice express less KC in both airway epithelial and
parenchymal lung cells in response to LPS. Mice were pretreated with
intraperitoneal corn oil alone (A and C) or containing naphthalene (B and D)
2.5 h before intratracheal administration of PBS (A and B) or LPS (C and D).
Lung sections were examined for KC expression by ISH. Images represent at
least 3 independent experiments using at least 2 mice/condition. The number
of peripheral lung cells expressing KC was determined by manual counting of
the number of DIG-positive cells in 5 high-power fields (HPF, X40) in each
lung section of at least 10 corn oil- or naphthalene-treated mice *= SE (E).
*P < 0.001. Alveolar macrophages were isolated from groups of 5 naphtha-
lene- and 5 corn oil-treated mice and stimulated with LPS for 2 h (F). The
levels of TNF-a in the conditioned media were measured by ELISA. Data
represents at least 3 independent experiments done in triplicate = SE.

cells may serve as a tool to study cytokine production by Clara
cells.

TNF-«, a pleiotropic cytokine that plays a critical role in
inflammation (5), is regulated by NF-«kB (61). Interestingly, we
found that although Clara cells produce other NF-kB-regulated
cytokines (KC and MCP-1), they do not express TNF-a.
Previous studies have shown variable results as to the sources
of TNF-« in LPS-induced lung inflammation. In some studies,
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Fig. 9. C22 cells enhance the macrophage response to LPS. RAW264.7 cells
were grown in the top chamber of a transwell system alone or with C22 cells
in the bottom chamber, as described in MATERIALS AND METHODS, and were
treated with LPS for 24 h. The levels of TNF-« in the conditioned media were
measured by ELISA. Data represents at least 3 independent experiments done
in triplicate * SE. *P < 0.0001.

TNF-a appears to be secreted by airway epithelial cells (25,
42), whereas in others, it appears to be derived from macro-
phages (33). Our results support the latter. By ISH, we found
that airway epithelial cells, including Clara cells, do not ex-
press TNF-a in response to LPS stimulation in vivo, whereas
macrophages in the same tissue section express TNF-a
(Fig. 5). It is not clear why airway epithelial cells, although
clearly being major participants in the lung inflammatory
response to LPS, do not express TNF-a.

Intratracheal administration of LPS does not preclude LPS
from entering the alveolar region, and therefore, at least some
of the increased cytokine production could be due to a direct
effect of LPS on the cells in the lung periphery. To determine
the relative contribution of Clara cells to the overall KC
production in the lung, we selectively injured the Clara cells
with naphthalene shortly before LPS stimulation. In mice
treated with naphthalene, we found that the LPS-induced
expression of KC by airway epithelial cells was significantly
reduced compared with vehicle-treated mice (Fig. 7). More-
over, the LPS-induced KC expression by cells in the peripheral
zones of the lung was also reduced. Since intraperitoneally
injected naphthalene accumulates preferentially in the bronchi
and bronchioles and not in peripheral lung cells (44), and as we
were able to demonstrate that a 2.5-h exposure to naphthalene
does not affect cytokine production by alveolar macrophages in
response to LPS in vitro, these data indicate that the effect of
naphthalene on KC expression by peripheral lung cells is via its
effect on Clara cells. Nevertheless, the reduction in the number
of peripheral lung cells expressing KC in response to LPS
following naphthalene injury, although statistically significant,
is too small to account for the significant reduction in the

OControl

@ C. oil Fig. 8. The quantity of KC and TNF-«a in the bronchoalveolar
lavage (BAL) fluid of LPS-treated mice is significantly reduced

m Naph following naphthalene-induced injury. BAL fluid was obtained

from untreated and naphthalene- or corn oil-treated mice 2 h
after LPS stimulation and evaluated for KC and TNF-a by
ELISA. Data represents at least 3 independent experiments
using at least 3 mice/condition done in triplicate = SE. *P <
0.001, **P = 0.005.
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quantity of KC in the BAL fluid (Fig. 8). Together, these data
suggest that Clara cells themselves are significant producers of
KC in response to LPS and that they modulate the expression
of KC by peripheral lung cells.

The idea that activation of Clara cells in the airways affects
the cytokine production of cells in the lung periphery was
further supported by the significant reduction of LPS-induced
TNF-a in the BAL fluid in naphthalene-treated mice compared
with vehicle-treated mice (Fig. 8). Since TNF-a is produced
almost exclusively by alveolar macrophages in response to
LPS, and alveolar macrophages are not directly affected by
naphthalene (19), these data suggest an indirect effect of LPS
on macrophage expression of TNF-a. Thus, not only is the
Clara cell a major producer of cytokines in response to LPS,
but our findings indicate that the Clara cell modulates the
response of resident lung inflammatory cells to LPS.

Several in vitro studies have demonstrated that bronchial
epithelial cells produce cytokines that may influence inflam-
matory cells (9, 22, 23, 25, 30, 46, 65). Furthermore, studies
that prevented NF-kB activation specifically in CC10-produc-
ing airway epithelial cells in vivo showed a significant reduc-
tion in cytokine levels in the BAL fluid and markedly reduced
lung inflammation in response to LPS (42). Others have dem-
onstrated that neutrophil recruitment to the lung in response to
LPS is nearly blocked in the presence of MyD88-deficient
alveolar macrophages or following depletion of alveolar mac-
rophages (24, 31). Our data is novel because we show that
Clara cells and alveolar macrophages are required for a full
inflammatory response to LPS, not only because of the com-
bined cytokine production, but more importantly because Clara
cells augment the cytokine production of the inflammatory
cells. In the absence of airway epithelial cells triggering, the
macrophage response to LPS is reduced.

Cross talk between pulmonary epithelial cells and inflam-
matory cells has been investigated using coculture systems by
other investigators. However, most utilize a contact coculture
system with monocytes/macrophages and alveolar epithelial
cells (18, 26, 37, 55, 62). Our data indicate that Clara cells in
the airways of mice can modulate the cytokine production by
macrophages in the lung periphery. Therefore, we hypothe-
sized that the Clara cells produce a soluble factor(s) that affects
distal inflammatory cells. To examine how the Clara cell
augments the macrophage response to LPS, we cocultured the
two cell types using a transwell system. Our data that C22 cells
do not produce TNF-«a in response to LPS (Fig. 2) allowed us
to monitor the macrophage response specifically. We found
that the macrophage response to LPS, as reflected by TNF-a
production, was significantly elevated in the presence of C22
cells, indicating that LPS-stimulated Clara cells released a
diffusible factor(s), which was capable of passing through the
transwell membrane and activating macrophages. Our findings
emphasize the magnitude to which airway epithelial cells
enhance the inflammatory cell response to LPS.

In conclusion, we have found that Clara cells produce KC
and that they affect KC expression by peripheral lung cells
shortly after LPS stimulation. Also, we report that Clara cells,
although not producers of TNF-«, impact TNF-a production
by alveolar macrophages in response to LPS in vitro and in
vivo. Together, our data suggest that LPS-exposed airway
epithelial cells can secrete proinflammatory factor(s) that in
turn activate resident macrophages and orchestrate the innate
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immune response throughout the lung. These findings should
be considered in designing measures to treat acute lung injury.
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