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Abstract

Background—Disruption of the epithelial barrier might be a risk factor for allergen sensitization
and asthma. Viral respiratory tract infections are strongly associated with asthma exacerbation, but
the effects of respiratory viruses on airway epithelial barrier function are not well understood.
Many viruses generate double-stranded RNA, which can lead to airway inflammation and initiate
an antiviral immune response.

Objectives—We investigated the effects of the synthetic double-stranded RNA
polyinosinic:polycytidylic acid (polyl:C) on the structure and function of the airway epithelial
barrier in vitro.

Methods—16HBE140- human bronchial epithelial cells and primary airway epithelial cells at an
air-liquid interface were grown to confluence on Transwell inserts and exposed to polyl:C. We
studied epithelial barrier function by measuring transepithelial electrical resistance and
paracellular flux of fluorescent markers and structure of epithelial apical junctions by means of
immunofluorescence microscopy.

Results—Polyl:C induced a profound decrease in transepithelial electrical resistance and
increase in paracellular permeability. Immunofluorescence microscopy revealed markedly reduced
junctional localization of zonula occludens-1, occludin, E-cadherin, B-catenin, and disorganization
of junction-associated actin filaments. Polyl:C induced protein kinase D (PKD) phosphorylation,
and a PKD antagonist attenuated polyl:C-induced disassembly of apical junctions and barrier
dysfunction.
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Conclusions—Polyl:C has a powerful and previously unsuspected disruptive effect on the
airway epithelial barrier. Polyl:C-dependent barrier disruption is mediated by disassembly of
epithelial apical junctions, which is dependent on PKD signaling. These findings suggest a new
mechanism potentially underlying the associations between viral respiratory tract infections,
airway inflammation, and allergen sensitization.
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Airway epithelial cells form a tight barrier between the submucosal respiratory immune
system and inhaled allergens, particles, and viruses. The airway epithelial barrier consists of
surface-lining fluids, mucus, and apical junctional complexes (AJCs), which are specialized
adhesive membrane structures that are formed between adjacent cells. AJCs consist of the
most apical tight junctions (TJs) and underlying adherens junctions (AJs).12 TJs create a
physical barrier that restricts the paracellular movement of ions and uncharged molecules.
AlJs are important for the initiation and maintenance of epithelial cell-cell adhesions and are
thought to be essential for normal TJ structure and function (for reviews see Anderson et al®
and Shen et al%). The adhesive properties of TJs are determined by 3 major types of
transmembrane proteins: (1) members of the claudin family; (2) TJ-associated marvel
proteins that include occludin, tricellulin, and Marvel D3; and (3) immunoglobulin-like
proteins, such as junctional adhesion molecule-A and Coxsackie virus and adenovirus
receptor. E-cadherin and nectin family members represent the major transmembrane proteins
of epithelial AJs.>8 A number of peripheral membrane proteins form the so-called cytosolic
plaques of TJs and AJs, which cluster and stabilize transmembrane junctional proteins,
thereby enhancing their adhesive properties. Zonula occludens protein 1 (ZO-1) is a key
constituent of the TJ cytosolic plaque and is thought to bridge AJC components with the
perijunctional cytoskeleton.” The cytosolic plaque of Als includes B-catenin and p120
catenin, which bind to the intracellular domain of E-cadherin and actin-binding proteins and
connect AJs to different cytoskeletal structures.8 Through these interactions, the assembly,
maintenance, and disassembly of AJCs are intimately linked to the cell cytoskeleton.®

Although emerging evidence points to a role for epithelial barrier dysfunction in
inflammatory lung diseases, such as asthma and cystic fibrosis, 10 very little is known about
the regulation of airway epithelial junctions in health or disease. In one early study reduced
expression of a-catenin, ZO-1, and E-cadherin was reported in bronchial biopsy specimens
from asthmatic subjects.11 Recently, Xiao et al'2 reported that ZO-1 and occludin expression
was significantly reduced in bronchial epithelial cells from asthmatic subjects. Interestingly,
this was apparent both in bronchial biopsy specimens and epithelial cells propagated in vitro
and was associated with significantly attenuated barrier function.12 In other studies E-
cadherin was depleted from epithelial cell-cell contacts and accumulated in the cytoplasm in
biopsy specimens obtained from asthmatic subjects.1314 Additionally, E-cadherin shedding
from the cell surface into bronchoalveolar lavage fluid has been detected after antigen
challengel® and soluble E-cadherin levels in induced sputum correlated with asthma
severity.16 Although these findings suggest that disruption of the epithelial AJC is an
important feature of the airway epithelium in asthmatic subjects, the molecular mechanisms
involved in this process are not well understood.

Airway epithelial cells express a variety of pattern-recognition receptors (PRRs), including
members of the Toll-like receptor (TLR) family.1” These receptors sense and respond to
microbes, viruses, and fungi and induce epithelial cells to secrete cytokines and chemokines
that initiate lung inflammation and immune responses by recruiting and activating antigen-
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presenting dendritic cells and other cell types. Double-stranded RNA (dsRNA), produced
either as an intermediate of viral replication or as a part of the viral RNA genome, is now
recognized as a powerful adjuvant that drives antiviral immune responses, and dsSRNA
derivatives have demonstrated marked efficacy in both systemic and mucosal vaccine
strategies.18-20 The molecular mechanisms underlying the adjuvant properties of dsRNA are
under active investigation. Potential molecular sensors of dSRNA include protein kinase R,
TLR3, and the more recently identified cytoplasmic helicases (eg, retinoic acid-inducible
gene | [RIG-I], melanoma differentiation-associated gene 5 [MDADS5], and LPG2). TLR3 is
thought to recognize dsRNA oligonucleotides in an acidified lysosomal compartment,2122
whereas the helicases recognize “free” RNA in the cytoplasm through mechanisms still
being worked out.23-25

Very little is known about how different environmental exposures affect airway epithelial
barrier structure and function. We undertook the present study to address this gap in our
current knowledge by using model epithelia grown in vitro. Here we report that the synthetic
dsRNA polyinosinic:polycytidylic acid (polyl:C) induces marked disruption of airway
epithelial AJC function and structure. This does not appear to involve autocrine or paracrine
effects of a secreted mediator or mediators but rather direct effects of polyl:C acting in part
in a protein kinase D (PKD)-dependent manner. Our description of a previously
unsuspected barrier-disruptive effect of polyl:C provides new insights into how dsRNA
might act as a mucosal adjuvant and suggests a pathway potentially explaining the strong
associations between viral respiratory tract infections, allergen sensitization, and asthma.

Epithelial cell culture

16HBE140- human bronchial epithelial cells (a gift from Dr D. C. Gruenert, University of
California San Francisco, San Francisco, Calif)2® were cultured in minimum essential
medium supplemented with 10 mmol/L HEPES, 10% FBS, and glutamine. Normal human
bronchial epithelial (NHBE; Lonza, Basal, Switzerland) cells were grown in defined media
and differentiated at the air-liquid interface. For immunolabeling and permeability studies,
epithelial cells were grown on collagen-coated, permeable polycarbonate filters of 0.4 um in
pore size (Costar, Cambridge, Mass). For biochemical experiments, cells were cultured on
6-well plastic plates. Detailed methods can be found in the Methods section in this article’s
Online Repository at www.jacionline.org.

Transepithelial electrical resistance and paracellular flux measurements

Transepithelial electrical resistance (TEER) was measured with an EVOMX voltohmmeter
(World Precision Instruments, Sarasota, Fla). The resistance of cell-free collagen-coated
filters was subtracted from each experimental point, and the data were presented either as
absolute values (Q x cm?) or changes relative to the control group. Paracellular flux of
fluorescent markers was investigated by measuring passage of apically added markers across
epithelial monolayers, as detailed in the Methods section in this article's Online Repository
at www.jacionline.org.

Immunofluorescence staining, immunoblot analysis, and cytotoxicity assays of junctional

proteins

After the indicated treatments, cell monolayers were fixed for immunofluorescence or lysed
to extract protein for immunoblot analysis, and the supernatant was used for cytotoxicity
assay by measuring LDH release. For more information on immunofluorescence staining,
immunoblot analysis, and cytotoxicity assays of junctional proteins, detailed methods are
described in the Methods section in this article's Online Repository at www.jacionline.org.
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RNA interference

We transfected 16HBE cells with 100 nmol/L small interfering RNA (SiRNA)
oligonucleotides targeted to TLR3, RIG-I, and MDA5 (SMART Pool; Dharmacon,
Lafayette, Colo) and nontargeted control siRNA with DharmaFECT 1 (Dharmacon), as per
the manufacturer's protocol, and monitored knockdown efficiency by using Western blotting
and real-time PCR.

Statistical analysis

Results

Results are expressed as means + SEMSs, unless otherwise specified. The data were
evaluated statistically with ANOVA and the Student t test, with Bonferonni correction for
multiple comparisons (Fig 1). Significance was considered at a P value of less than .05.

Polyl:C induced a dose- and time-dependent increase in paracellular permeability of
immortalized airway epithelial cells

We investigated the structure and functional properties of the airway epithelial barrier in
vitro by using the 16HBE140- human bronchial epithelial cell line. When plated on
permeable membrane filters, 16HBE140- cells formed monolayers of well-differentiated
columnar cells, and on day 7 after plating, they had TEER values of approximately 700 Q x
cm? (see Fig E1 in this article's Online Repository at www.jacionline.org), which are
indicative of a tight barrier. Such high-resistance cell monolayers were used in all
subsequent experiments. To determine the effects of PRR activation on the integrity of the
airway epithelial barrier, we exposed 16HBE140- cells to a panel of PRR ligands and
measured TEER at different time points. The panel included ligands for TLR2/6 (Pam3Cys;
Fig 1, A), TLR3 and cytoplasmic helicases (polyl:C; Fig 1, B), TLR4 (LPS; Fig 1, C), TLR5
(flagellin; Fig 1, D), and TLR9 (CpG-ODN; Fig 1, E). Fig 1 shows that of all the ligands
examined, only polyl:C induced a dramatic decrease in TEER, which indicates an increase
in paracellular or transcellular permeability. This effect was rapid, being detectable after 3
hours of polyl:C exposure and sustainable by persisting for at least 30 hours of the treatment
(Fig 1 and data not shown). Furthermore, the observed TEER decrease was dose dependent
and induced by as little as 0.5 ug/mL polyl:C (Fig 2, A). Among other ligands examined, we
observed a slight reduction in TEER with high concentrations of the TLR5 ligand flagellin
(approximately 20% from baseline), whereas other tested substances did not significantly
affect the epithelial barrier.

To examine whether polyl:C increased epithelial permeability for small ions or larger
molecules, we next measured transmonolayer fluxes of different-sized markers, including
sodium fluorescein and fluorescein-conjugated dextran (3000 dalton). Fig 2, B and C, shows
that incubation of 16HBE140- cells with 5 pg/mL polyl:C for 24 hours significantly
increased the flux of both sodium fluorescein and fluorescently labeled dextran across the
monolayer. Together, the TEER and flux data suggest that polyl:C increased the
permeability of airway epithelial cells to different substances with a range of molecular
sizes.

Disruption of the epithelial barrier was not mediated by a nonspecific cytotoxicity

To rule out the possibility that polyl:C-induced airway epithelial barrier dysfunction was
caused by decreases in cell viability, we measured the release of intracellular lactate
dehydrogenase (LDH) into the extracellular space as a marker of cytotoxicity. Fig E2 in this
article's Online Repository at www.jacionline.org shows that exposure of 16HBE140- cells
to polyl:C and other PRR ligands for up to 24 hours did not lead to significant accumulation
of LDH in cell-culture medium, indicating that polyl: C-induced paracellular permeability is
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not simply due to epithelial cell death. Furthermore, assays of cell apoptosis with annexin V
labeling did not show significant polyl:C-induced apoptosis under our experimental
conditions (data not shown).

Polyl:C induced barrier dysfunction in primary airway epithelial cells

Although 16HBE14o0- cells are transformed cells, they underwent immortalization and
multiple passages in cell culture and might not fully resemble primary airway epithelial cells
in vivo. To better model barrier-forming primary epithelial cells, we cultured NHBE cells at
the air-liquid interface until TEER increased, which is indicative of a tight barrier (typical
values >600 Q x cm?). Fig E3 in this article's Online Repository at www.jacionline.org
shows that polyl:C induced a substantial decrease in TEER in differentiated NHBE cell
monolayers, although with slower kinetics compared with those seen in 16HBE140-
monolayers. Similar to 16HBE cells, we did not observe evidence of polyl:C-induced
cytotoxicity in NHBE monolayers (see Fig E3). These data suggest that 16HBE140- cells
are a good model of primary airway epithelium, and we used these cells in subsequent
studies of the molecular mechanisms underlying polyl: C-induced dysfunction of the
epithelial barrier.

Polyl:C-induced barrier dysfunction is dependent on TLR3

dsRNA is known to signal through several intracellular receptors, including TLR3 and the
cytoplasmic helicases RIG-I1 and MDAS, and we observed that polyl:C upregulated protein
expression of these dsSRNA sensors in 16HBE140- cells (see Fig E4 in this article's Online
Repository at www.jacionline.org). In transient transfections we found that siRNA-induced
knockdown of TLR3, but not RIG-1 or MDAJ, significantly protected against polyl:C-
induced reductions in TEER (see Fig E5 in this article's Online Repository at
www.jacionline.org).

Polyl:C induced disruption of epithelial AJs and TJs

Because the barrier properties of different epithelia depend on the intact structure of their
AJs and TJs, it is reasonable to suggest that polyl:C increased permeability of 16HBE140-
cell monolayers by inducing disassembly of apical junctions. To test this hypothesis, we
used immunofluorescence labeling of AJ (E-cadherin and B-catenin) and TJ (occludin and
Z0-1) proteins and analyzed their subcellular localization using confocal microscopy. Fig 3
shows that in control 16HBE140- cell monolayers, E-cadherin, 3-catenin, occludin, and
Z0-1 predominantly localized at the areas of cell-cell contacts and established a
characteristic chicken-wire pattern of intact AJs and TJs (Fig 3, arrows). This
immunolabeling pattern was dramatically perturbed in polyl:C-treated cells, in which AJ/TJ
proteins disappeared from the intercellular contacts and tended to accumulate in the
cytosolic compartment (Fig 3, arrowheads). The altered distribution of junctional proteins
was initially detected at 6 hours and was abundant at 24 hours of polyl:C exposure (data not
shown).

Exposure to polyl:C did not affect expression of AJ and TJ proteins

Pathogens and inflammatory mediators are known to disrupt epithelial junctions through
different mechanisms, one of which involves decreased expression of junctional
proteins.27:28 To test whether this mechanism was responsible for polyl:C-induced AJ and
TJ disassembly in16HBE140- cells, we used immunablotting to analyze the expression of
major junctional proteins at different times of polyl:C exposure. Polyl:C caused a small
statistically insignificant decrease in occludin level and did not affect ZO-1, E-cadherin, and
[-catenin protein expression (see Fig E6 in this article's Online Repository at
www.jacionline.org). Taken together, these data suggest that polyl:C-induced disruption of
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the airway epithelial barrier is mediated by AJ and TJ disassembly and not by marked
changes in junction protein expression.

Polyl:C altered the architecture of perijunctional actin filaments

In confluent epithelial cell monolayers, AJs and TJs associate with the underlying actin
cytoskeleton, and such associations are known to stabilize the structure and enhance the
barrier properties of apical junctions.®29 Because many external stimuli induce AJ/TJ
disassembly by triggering remodeling of perijunctional actin filaments, we next investigated
whether this mechanism contributes to junctional disruption in polyl:C-treated airway
epithelial cells. Fig 4 shows that in control 16HBE140- cells, apical actin filaments were
assembled into a prominent perijunctional F-actin belt that encircled the entire cell at the
level of the AJC (Fig 4, arrows). By contrast, apical F-actin filaments were markedly
disorganized in polyl:C-treated cells, in which the perijunctional actin belt was transformed
into an array of disordered filaments and stress fiber—like bundles (Fig 4, arrowheads).

A crucial mechanism that drives reorganization of actin filaments in epithelial cells involves
activation of the major F-actin motor nonmuscle myosin Il (NM 11). Because a number of
previous studies clearly demonstrated the role of NM Il in stimuli-induced AJC
disassembly,30 we next investigated whether this motor protein mediates the observed
polyl:C-dependent disruption of AJs and TJs. NM Il functions were blocked by several
pharmacologic agents, among which blebbistatin is known to inhibit the adenosine
triphosphatase activity of NM 11,31:32 whereas the Rho-dependent kinase (ROCK) inhibitor
Y-2763233:34 and the myosin light chain kinase (MLCK) inhibitor ML-73° prevent the
phosphorylation and activation of the myosin regulatory light chains. However, addition of
either blebbistatin, Y-27632, or ML-7 to polyl:C-exposed 16HBE140- cell monolayers did
not prevent disruption of epithelial TJs (see Fig E7 in this article's Online Repository at
www.jacionline.org) and AJs (data not shown). Furthermore, the activity of neither inhibitor
of NM Il attenuated polyl:C-induced increase in paracellular permeability (data not shown).
Together, these results suggest that remodeling of the actin cytoskeleton in a ROCK/MLCK-
independent manner contributes to polyl:C-induced airway epithelial barrier disruption and
junctional disassembly.

Polyl:C-induced disassembly of epithelial junctions is mediated by PKD

In a search for intracellular signaling pathways that might be involved in cytoskeleton-
mediated disruption of AJs and TJs in polyl:C-exposed airway epithelial cells, we next
investigated the role of the protein kinase C (PKC) family. PKC isoenzymes are known to
be activated by polyl:C in epithelial and hematopoietic cells26-38 and phosphorylate a
number of cytoskeletal proteins that play essential roles in the remodeling of TJs.39-41 We
next used PKC antagonists with differing specificities, including G66983 (which inhibits
PKC a, B, v, 8 > { p) and G66976 (which inhibits a, p1 > 3, ¢, £).42 Fig 5 shows
G66976 markedly blocked AJ and TJ disassembly (Fig 5, arrows), as well as reorganization
of the perijunctional actin cytoskeleton (Fig 5, arrowheads) caused by polyl:C treatment,
whereas G66983 did not. In addition, G66976 significantly attenuated polyl:C-induced
permeability of 1L6HBE140- cell monolayers (Fig 6). The selective effect of G66976
suggested a role for PKCp, which is now known as PKD because it has a different structure
and substrate specificity than other PKC family members.4344 To determine whether
polyl:C induced PKD activation in our model's epithelial cells, we analyzed whole-cell
lysates using Western blotting with antibodies that recognize total or phospho-Ser744/748
PKD because Ser phosphorylation represents a key step in PKD activation.*® Interestingly,
polyl:C induced PKD phosphorylation beginning at 5 minutes and lasting for at least 30
minutes after stimulation (Fig 7).
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Discussion

Airway epithelial cells comprise a key barrier to the outside world and are the first site of
contact for inhaled allergens, particles, and viruses.*® Emerging evidence indicates that the
airway barrier is defective in asthmatic patients,10-16 put the mechanisms and consequences
of epithelial barrier dysfunction for airway inflammation remain elusive. In the present study
we report that dsSRNA, a key molecular constituent of respiratory tract viruses, induces a
profound and sustained increase in permeability of the airway epithelial barrier, which is
mediated by dramatic disassembly of apical junctions. Our results are in keeping with the
observation that viral respiratory tract infection can lead to epithelial barrier dysfunction
with loss of junctional expression in the absence of cell death.47:48

Defects in the airway epithelial barrier were revealed by means of permeability
measurements that tested 2 different paracellular pathways. By measuring TEER, we tested
a so-called pore pathway that is permeable for ions and small molecules with a molecular
radius of less than 4 A, whereas an alternative nonpore pathway for larger molecules was
tested by using the dextran flux assay.3# Our data suggest that polyl:C increased
permeability of both the pore and nonpore pathways (Figs 1 and 2). To the best of our
knowledge, these are the first data showing dysfunction of the epithelial barrier caused by
dsRNA. A recent study did not find effects of polyl:C exposure on TEER in immortalized
human nasal epithelial cells,*® which probably reflects the cell specificity of epithelial
responses to dsSRNA. On the other hand, polyl:C was previously shown to increase the
permeability of the glomerulus®® and marked disassembly and dysfunction of AJCs in brain
microvascular endothelial cells.>! Our data obtained in 16HBE140-epithelial cells, as well
as in primary airway epithelial cells, highlight a previously unrecognized ability of polyl:C
to cause leakiness of the airway epithelial barrier.

We report that dSRNA-induced dysfunction of the airway epithelial barrier is mediated by
disassembly of apical junctions. Interestingly, polyl:C disrupted both AJs and TJs (Fig 3),
with similar potency and kinetics (data not shown). This contrast with the published effects
of major proinflammatory cytokines, such as TNF-a and IFN-y, which tend to increase
epithelial permeability by causing selective TJ disassembly.28:52 Another important
difference in the mechanisms of polyl:C- and cytokine-induced breakdown of the airway
epithelial barrier is that the former event was not associated with altered expression of
junctional proteins (Fig E6), whereas different cytokines reportedly disrupted the integrity of
airway epithelial junctions by decreasing the levels of TJ proteins, including ZO-1, occludin,
and junctional adhesion molecule-A.53:°4 These differences suggest that polyl:C-induced
junctional disassembly is caused by the direct action of dSRNA rather than by autocrine
signaling of cytokines that are produced by activated epithelial cells. This notion is in line
with our findings that (1) transfer of supernatants from polyl:C-exposed epithelial cells had
no effect on barrier properties of control monolayers and (2) inhibition of IFN-a signaling
by a specific blocking antibody did not attenuate the polyl:C-induced increase permeability
of 16HBE140- cell monolayers (see Figs E8 and E9 in this article's Online Repository at
www.jacionline.org).

An important finding of this study implicates remodeling of the actin cytoskeleton in
polyl:C-induced disruption of apical junctions. Two lines of evidence support this
contention. First, our confocal microscopic imaging revealed profound disruption of the
perijunctional F-actin belt that accompanied AJ/TJ disassembly (Fig 4). Second, inhibition
of PKD prevented polyl:C-induced cytoskeletal remodeling, AJC disassembly, and
epithelial permeability (Figs 5 and 6). Remodeling of the actin cytoskeleton is mediated by 2
major mechanisms, one involving activity of the F-actin motor NM Il and another involving
turnover (polymerization and depolymerization) of actin filaments.5556 NM I1- dependent
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contractility appears to play a key role in TJ disruption induced by inflammatory mediators
and pathogens.#1->7-59 Surprisingly, our results ruled out a role for NM Il in polyl:C-induced
disassembly of apical junctions in our model's airway epithelial cells (1) because polyl:C did
not trigger formation of contractile actomyosin structures, such as apical rings or vacuoles
and (2) because pharmacologic inhibition of NM I1 did not attenuate polyl:C-induced
disruption of AJs and TJs (see Fig E5). The lack of involvement of NM 11 suggests that
polyl:C likely causes remodeling of the perijunctional actin cytoskeleton and AJC
disassembly by altering turnover of the actin filaments. Because this is an extremely
complex process involving a large number of actin-polymerizing, depolymerizing, and
cross-linking proteins, future studies are required to elucidate the effects of polyl:C on the
dynamics of AJC-associated actin filaments.

We identified PKD as a key intracellular intermediate that links dsRNA signaling and
disassembly of airway epithelial junctions (Figs 5 to 7). Emerging evidence points to a role
for PKD in innate immune responses.80:61 Similar to our study, Kim et al®? found that
G66976 (but not G66983) inhibited hypersensitivity pneumonitis caused by thermophilic
actinomycetes in mice, which implicated a role for PKD, whereas Ren et al®! found that a
PKD homolog regulated intestinal epithelial innate immune responses in Caenorhabditis
elegans. Although activation of PKC is a long-recognized signaling response to dsRNA, 52
our study is the first (to our knowledge) to link polyl:C/TLR3 signaling to PKD activation.
In the present study inhibition of PKD effectively prevented not only junctional disassembly
but also remodeling of the perijunctional actin filaments, thereby suggesting that the actin
cytoskeleton is a primary target for PKD signaling in polyl:C-activated epithelial cells. This
is consistent with the known ability of other PKC isoenzymes to regulate the organization
and remodeling of F-actin by phosphorylating a number of actin-binding proteins.%3 It will
be important in future studies to identify the cytoskeletal targets for PKD that contribute to
disassembly of epithelial junctions.

In conclusion, our data suggest that in the absence of both live replicating virus and an
antiviral immune response, dsRNA is sufficient to induce a profound and sustained
reduction in airway epithelial barrier function. A defective barrier will likely allow better
penetration of inhaled particles and allergens into the subepithelial space, where they will
contact antigen-presenting dendritic cells and other immune cells, resulting in initiation or
amplification of immune responses. It will be important in future studies to determine the
molecular mechanisms by which viral infections cause junctional disassembly in epithelial
cells. These studies should provide new insights into the close association between viral
respiratory tract infections, allergen sensitization, and asthma.

Epithelial cell culture

16HBE140- cell line—The transformed epithelial cell line 16HBE140-, which is derived
from NHBE, was a gift from D. Gruenert (California Pacific Medical Center Research
Institute, San Francisco, Calif). This cell line retains differentiated epithelial morphology
and functions, including the presence of TJs and cilia and generation of transepithelial
resistance. Experiments were carried out between passages 10 and 20 by using cells grown
as polarized cultures at a liquid-liquid interface containing Dulbecco modified Eagle
medium (GIBCO 11995; Gibco, Carlsbad, Calif) supplemented with 10% heat-inactivated
FBS (Tissue Culture Biology), 1% wt/vol penicillin/streptomycin, 0.015 mol/L HEPES
(Gibco), and 0.5 pg/mL Amphotericin B (Sigma-Aldrich, St Louis, Mo). 16HBE14o0- cells
were plated at a subconfluent density of 1.5 x 10° cells/cm? on collagen-coated Transwell
inserts (polyester membrane, 0.4-um pore size, 6.5-mm insert; Costar 3470), and cell
cultures were maintained in a humidified 5% CO, atmosphere in air at 37°C. Rat tail
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collagen (type 1) was from BD Biosciences. The medium was changed on the following day
and subsequently changed every other day for the duration of the experiment.

NHBE cells—NHBE cells were obtained from Lonza. Cells between passages 2 and 3
were grown on collagen-coated Transwell inserts. Cells were maintained in bronchial
epithelial basal medium (Lonza) containing bovine pituitary extract, hydrocortisone, human
recombinant epidermal growth factor (25 ng/mL), epinephrine, insulin, triiodothyronine,
transferrin, gentamicin, Amphotericin B, retinoic acid, and BSA. Cells were grown
toconfluence at the liquid-liquid interface for 10 to 14 days and then were changed to an air-
liquid interface by removing the apical medium. At that point, the basal medium was
modified to a 1:1 mixture of bronchial epithelial basal medium/Dulbecco modified Eagle
medium with high glucose containing the same supplements as submerged conditions,
except with a lower concentration of human recombinant epidermal growth factor (0.5 ng/
mL). Cells were cultured for additional 14 days in the air-liquid interface before the
indicated treatments.

Chemical inhibitors and other reagents

Blebbistatin, which inhibits the adenosine triphosphatase activity of NM 11, was purchased
from Sigma-Aldrich and used at 50 umol/L. The ROCK inhibitor Y-27632 and the MLCK
inhibitor ML-7 were from EMD Biosciences (San Diego, Calif) and were all used at 20
umol/L. These concentrations effectively inhibit NM Il activity in other assays. The classical
PKC inhibitor G66976 was obtained from EMD Biosciences. The annexin V—fluorescein
isothiocyanate apoptosis Kit was obtained from eBioscience.

Antibodies and reagents

The following primary mAbs and polyclonal antibodies (pAbs) were used to detect
junctional and signaling proteins by means of immunoblotting and immunofluorescence
labeling: anti-occludin and anti—-ZO-1 mAbs (Invitrogen); anti—-E-cadherin mAb (BD
Biosciences); anti—B-catenin pAb (Sigma-Aldrich); anti-TLR-3, anti-MDAJ5, and anti-RIG-I
pAbs (Abcam, Cambridge, Mass); phospho-PKD/PKCp (Cell Signaling, Danvers, Mass);
and PKD/PKCy (Santa Cruz Biotechnology, Santa Cruz, Calif). Fluorescently labeled
phalloidin (Invitrogen) was used to visualize actin filaments. Anti-rabbit and anti-mouse
secondary antibodies conjugated to Alexa-488 or Alexa-568 were obtained from Invitrogen.
The following TLR ligands were used to stimulate airway epithelial cells: high-molecular-
weight polyl:C (tlrl-pic), flagellin (from Bacillus subtilis), and CpG oligonucleotide
ODN1826 or scrambled control (all from InvivoGen, San Diego, Calif); LPS from
Escherichia coli 055:B5 (Sigma-Aldrich); and Pam3Cys (EMD Biosciences).

Permeability assay

For more information on the permeability assay, see Figs 2 to 6. To evaluate the paracellular
permeability of cultured 16HBE cells, 0.02% fluorescein sodiumin Hanks' balanced salt
solution (HBSS; molecular weight, 376 d; Fluka) or 3-kd fluorescein isothiocyanate—dextran
(catalog no. D33306, Invitrogen) in HBSS were added to the apical side of the inserts, and
HBSS was added to the lower well. One hundred microliters of fluid was collected from the
basolateral compartment of each filter at 30 minutes after adding probes and transferred to
96-well, flat-bottom culture plates (Corning Costar). A spectrophotometer (Multiskan EX;
Thermo Electron Corporation, Vantaa, Finland) at 490 nm was used to measure the amount
of fluorescein sodium that had diffused from the apical to the basal side of the filter. Results
were expressed as the fold change from baseline.
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Immunofluorescence staining of junctional proteins

For more information on immunofluorescence staining of junctional proteins, see Figs 3to 5
and E7. After the indicated treatments, cell monolayers were fixed with methanol for 20
minutes at —20°C, followed by a serial rinse in PBS. Filters were then carefully excised
from the Transwells and placed in blocking solution (1% BSA in PBS pH 7.4) for 1 hour,
followed by incubation with specific primary antibodies: anti—-ZO-1 mAbs, anti-occludin
mADbs, anti—E-cadherin mAbs, and anti—f3-catenin pAb. Filters were washed serially with
PBS and incubated for 1 hour at room temperature with secondary antibody and then
mounted with Prolong Gold antiphage mounting medium (Invitrogen) for fluorescence and
imaged by means of confocal microscopy. For rhodamine phalloidin actin staining, cells
were fixed in 4% paraformaldehydein PBS for 10 minutes at room temperature and
permeabilized with 0.5% Triton X-100 in PBS for 15 minutes, followed by incubation with
Alexa Fluor 488 phalloidin. Immunofluorescently labeled cell monolayers were examined
with a Zeiss LSM510 laser scanning confocal microscope (Zeiss Microimaging, Inc,
Thornwood, NY) coupled to aZeiss 100M Axiovert and x100 Pan-Apochromat oil lenses.
The Alexa Fluor 488 and 568 signals were imaged sequentially in frame-interlace mode to
eliminate cross-talk between channels. Images were processed with Zeiss LSM5 image
browser software and Adobe Photoshop. Images shown are representative of at least 3
experiments, with multiple images taken per slide.

Cell cytotoxicity assay

For more information on the cell cytotoxicity assay, see Figs E2 and E3. The LDH assayis
based on the release of the cytosolic enzyme LDH from cells with damaged cellular
membranes. LDH activity was measured with an LDH cytotoxicity detection kit, according
to the manufacturer's instructions (Clontech Laboratories, Mountain View, Calif). Briefly,
the supernatant was centrifuged, 100 uL of each cell-free supernatant was transferred in
triplicate into wells in a 96-well flat-bottom plate, and then 100 uL of the LDH assay
reaction mixture was added to each well. After a 30-minute incubation, the absorbance/OD
was read on a Multiskan biochromatic automatic microplate reader at 490 nm. Low control
is defined as the spontaneous release of LDH from untreated cells in complete culture
medium, and high control is defined as the LDH activity in supernatants from cells
incubated in the presence of 2% Triton X-100.

Analysis of TJ proteins by means of immunoblotting

For more information on analysis of TJ proteins by means of immunoblotting, see Fig E6.
After the indicated treatments, cell monolayers grown in cell-culture plates were washed
with cold PBS for 5 minutes and lysed on ice in RIPA lysis buffer with 1:100 Protease
Inhibitor Cocktail, 1:100 phenylmethylsulfonyl fluoride, and 1:200 Phosphatase Inhibitor
Cocktail (Sigma) and then scraped from the dish. After centrifugation at 15,000 rpm for 15
minutes, supernatants were collected, and the protein concentration was determined by using
the bicinchoninic acid protein assay (Pierce, Cheshire, United Kingdom). Proteins were
resolved on 6% to 15% SDS-PAGE and transferred to nitrocellulose membranes (Whatman,
Maidstone, United Kingdom). Membranes were incubated in blotting solution (5% nonfat
dry milk in Tris-buffered saline/0.1% Tween 20) at room temperature for 1 hour before
overnight incubation with primary antibodies. After overnight incubation at 4°C, the blots
were washed in Tris-buffered saline/0.1% Tween-20, followed by incubation with
horseradish peroxidase—conjugated secondary antibodies. The blots were exposed to ECL
(RPN 2106; GE Healthcare, Fairfield, Conn) and subjected to autoradiography with Kodak
BioMax MR Film. Films were developed in a Kodak X-Omat processor (Kodak, Rochester,
NY) and then scanned with ChemiDocXRS (Bio-Rad Laboratories, Hercules, Calif). The
pixel density of each band was estimated with ImageJ software (National Institutes of
Health, Bethesda, Md) and expressed normalized to the lane loading control. Mouse anti-
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GAPDH (Abcam, Cambridge, United Kingdom) was used as a lane loading control. Results
were expressed as a ratio of protein of interest to glyceraldehyde-3-phosphate
dehydrogenase and reported as the fold change from baseline.

Neutralization of type | interferon receptors

For more information on neutralization of type | interferon receptors, see Fig E9.To test the
idea that polyl:C might induce epithelial barrier dysfunction in an autocrine manner
involving secretion of type | interferons, we preincubated 16HBE140- A cells with a
neutralizing anti-type | interferon receptor antibody (MMHAR-2, PBL InterferonSource,
Piscataway, NJ) or isotype control and examined the effects of polyl:C on TEER.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Polyl:C decreases the TEER of our model's airway epithelial cell monolayers. 16HBE140-

cells were grown on Transwell inserts and stimulated with indicated concentrations of
Pam3Cys (A), polyl:C (B), LPS (C), flagellin (D), and CpG oligonucleotides (E) for

different time periods, followed by TEER measurements. Data are expressed as a percentage
of control unstimulated cells and are means + SEMs of 3 independent experiments per time

point. ***P < ,001, as determined by using ANOVA, followed by the Student t test with the
Bonferonni correction for multiple comparisons.
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Fig 2.

Polyl:C induces a dose-dependent increase in paracellular permeability. A, TEER was
measured in 16HBE140- cell monolayers stimulated for different times with different
concentrations of polyl:C. B and C, Transepithelial flux of sodium fluorescein (Fig 2, B) or
3-kd fluorescein—conjugated dextran (Fig 2, C) was measured after 24 hours of incubation
with polyl:C. Data are means + SEMs of at least 6 independent experiments per group. *P
<.05, **P < .01, and ***P < .001, as determined by using the Student t test.
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Fig 3.

Polyl:C induces disassembly of AJs and TJs. Confluent 16HBE140-cell monolayers were
treated for 6 hours with either medium control or polyl:C (5 ng/mL). Localization of AJ
proteins (E-cadherin and f-catenin) and TJ proteins (occludin and ZO-1) was determined by
means of immunofluorescence labeling and confocal microscopy. Note the localization of
junctional proteins at cell-cell contacts in control cells (arrows) and their translocation into
the cytosolic compartment after polyl:C exposure (arrowheads). Images are a representative
of at least 6 independent experiments.
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Fig 4.

Junctional disassembly in polyl:C-exposed epithelial cells is accompanied by remodeling of
the apical actin cytoskeleton. Confluent 16HBE140- cells were exposed for 24 hours to
polyl:C (5 pg/mL), followed by fixation and dual-fluorescence labeling for F-actin and
Z0-1. Polyl:C induced transformation of the perijunctional F-actin belt (arrows) into a
disordered array of apical F-actin bundles (arrowheads). Images are a representative of at
least 3 independent experiments.
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Fig 5.

Effect of PKC isoform inhibitors on polyl:C (pl:C)-induced junctional disassembly.
16HBE140- cell monolayers were stimulated with polyl:C (5 pg/mL for 24 hours) with or
without G66976 or G66983 (10 umol/L). Localization of AJ and TJ proteins and
architecture of the apical actin cytoskeleton were determined by means of fluorescence
labeling and confocal microscopy. Note the normal localization of junctional proteins
(arrows) and intact perijunctional F-actin belt (arrowhead) in polyl:C—exposed cells treated
with the PKCp (PKD) inhibitor G66976. Images are a representative of at least 3
independent experiments.
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Fig 6.

Pharmacologic inhibition of PKD attenuates polyl:C-induced epithelial permeability.
Control and polyl:C-activated 16HBE140- cell monolayers (5 pg/mL for 24 hours) were
incubated with or without the inhibitor of classical PKC isoforms G66976 (10 umol/L), and
permeability was examined by measuring transmonolayer sodium fluorescein flux. Results
are expressed as the fold change above control values (increasing values indicating greater
permeability) and are presented as means + SEMs of 3 independent experiments.
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Fig 7.

Polyl:C-induced activation of PKD in epithelial cells. Confluent 16HBE14o0- cell
monolayers were treated for 0 to 120 minutes with either medium control or polyl:C (5 pg/
mL). Expression of phospho-PKD and total PKD was examined by using Western blotting
of whole-cell lysates. Images are representative of 3 independent experiments. PMA,
Phorbol 12-myristate 13-acetate.
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