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Zaidman NA, O’Grady KE, Patil N, Milavetz F, Maniak PJ,
Kita H, O’Grady SM. Airway epithelial anion secretion and barrier
function following exposure to fungal aeroallergens: role of oxidative
stress. Am J Physiol Cell Physiol 313: C68–C79, 2017. First pub-
lished April 26, 2017; doi:10.1152/ajpcell.00043.2017.—Aeroaller-
gens produced by Alternaria alternata can elicit life-threatening
exacerbations of asthma in patients sensitized to this fungus. In this
study, the effect of Alternaria on ion transport mechanisms underlying
mucociliary clearance and airway epithelial barrier function was
investigated in human airway epithelial cells. Apical exposure to
Alternaria induced an increase in anion secretion that was inhibited by
blockers of CFTR and Ca2�-activated Cl� channels. Stimulation of
anion secretion was dependent on Ca2� uptake from the apical
solution. Alternaria exposure also produced an increase in reactive
oxygen species (ROS) that was blocked by pretreatment with the
oxidant scavenger glutathione (GSH). GSH and the NADPH oxidase
inhibitor/complex 1 electron transport inhibitor diphenylene iodonium
chloride (DPI) blocked ATP release and the increase in intracellular
[Ca2�] evoked by Alternaria. Alternaria also decreased transepithe-
lial resistance, and a portion of this effect was dependent on the
increase in ROS. However, the Alternaria-induced increase in unidi-
rectional dextran (molecular mass � 4,000 Da) flux across the epi-
thelium could not be accounted for by increased oxidative stress.
These results support the conclusion that oxidative stress induced by
Alternaria was responsible for regulating Ca2�-dependent anion se-
cretion and tight junction electrical resistance that would be expected
to affect mucociliary clearance.

chloride secretion; tight junctions; ATP release; intracellular calcium

ALTERNARIA ALTERNATA is a saprophytic fungus with worldwide
distribution (15, 47). Although considered primarily as an
outdoor fungus, it is also found in damp, poorly ventilated
buildings (33, 34, 40). Alternaria spore counts are generally
highest during warm, dry, and windy weather conditions in late
summer and early autumn (17, 41). These spores contain some
of the most potent airborne allergens capable of inducing
IgE-mediated allergic airway inflammation (16, 18, 29, 42).
Moreover, asthma severity appears to be more strongly asso-
ciated with Alternaria exposure than with sensitization to other
aeroallergens, including house dust mite and pollens (18, 29).
Alternaria spores are known to induce respiratory distress and

airway hyperresponsiveness in asthma patients, and individuals
sensitized to Alternaria are more likely to develop asthma than
nonsensitized individuals (25, 45). In some populations, sen-
sitization to Alternaria is particularly high, especially in farm
workers where greater occupational exposure to Alternaria
spores frequently occurs (1, 27, 35, 40, 49). Furthermore, a
study investigating the effects of atmospheric CO2 on Alter-
naria alternata revealed a threefold increase in sporulation and
more than twice the level of antigenic protein content/spore in
response to elevated CO2 concentrations above 600 �mol/mol
(52). These results suggest that continuing increases in atmo-
spheric CO2 associated with global climate change will in-
crease both the level of Alternaria exposure and antigenicity of
spores that come in contact with the airways.

Earlier studies of human airway epithelial cells have shown
that exposure to Alternaria extracts induces the synthesis and
secretion of IL-33, a cytokine that is known to induce Th2-type
inflammation in airways (9, 19, 20, 26, 45). IL-33 secretion by
the epithelium occurs as a consequence of ATP release follow-
ing exposure to Alternaria aeroallergens, resulting in activation
of P2X7 receptors and sustained elevations in intracellular
Ca2� concentration ([Ca2�]i). (26, 39). This prolonged in-
crease in [Ca2�]i activates processing enzymes that cleave
IL-33 into its 19 kDa secreted form and stimulates transloca-
tion of the processed cytokine from its storage site within the
nucleus into the cytoplasm where it is ultimately secreted into
the extracellular fluid. Once released, IL-33 can bind to ST2
receptors expressed by multiple immune cell types. ST2 recep-
tor activation induces the production and secretion of Th2
cytokines necessary for eliciting allergic inflammation within
the airway mucosa (9).

Additionally, more recent experiments have demonstrated
that Alternaria exposure induces oxidative stress in human
airway epithelial cells and that this effect is important in the
initiation of IL-33 processing and release (19, 21, 48). This
finding is reminiscent of an earlier study where exposure to
pollen proteins induces allergic airway inflammation by in-
creasing the production of reactive oxygen species (ROS) by
lung epithelial cells (2, 4). The oxidative stress was produced
by an endogenous NADPH oxidase(s) associated with pollen
grains since removal of pollen NADPH oxidase activity inhib-
ited the inflammatory response. However, exposure of airway
epithelial cells to Alternaria extract was shown to activate
NADPH dual oxidase 1 (DUOX1) located within the apical
membrane of the epithelium following P2Y2 receptor activa-
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tion. DUOX1-dependent H2O2 production, in turn, stimulated
Src and epidermal growth factor receptor signaling that ulti-
mately resulted in calpain-2 activation and subsequent process-
ing and release of IL-33 (19). Interestingly, the mycotoxin
altertoxin (ATX) II, a perylene quinone-type compound pro-
duced by Alternaria alternata, was found to interact with the
nuclear factor erythroid-derived 2-like antioxidant response
element (Nrf2/ARE) pathway in HT29 intestinal epithelial
cells to induce a concentration-dependent depletion of gluta-
thione (GSH) within the cytoplasm, suggesting that ATX II
may constitute at least one component of Alternaria extract
that can produce oxidative stress (23).

Exposure of airway epithelial cells to Alternaria allergens
has also been shown to significantly reduce barrier function
(31). Measurements of transepithelial resistance (TER) and
FITC-labeled dextran (molecular mass � 4,000) showed that
exposure to Alternaria extracts produced concentration-depen-
dent decreases in TER within 1 h and increased apical-to-
basolateral flux of FITC-dextran after 24 h of Alternaria
exposure. Heat treatment of the extract was effective at inhib-
iting the actions of Alternaria on epithelial barrier function,
suggesting that the activity of an enzyme within the extract was
responsible for barrier disruption. Moreover, experiments with
various protease inhibitors including 4-(2-aminoethyl)benze-
nesulfonyl fluoride hydrochloride (AEBSF) suggested that ser-
ine proteases were the predominant class of proteolytic en-
zymes responsible for the barrier disrupting effects of Alter-
naria allergens.

In the present study the effects of Alternaria aeroallergen
exposure on ion transport function of human airway epithelium
was investigated using an immortalized airway epithelial cell
line with well-characterized ion transport properties. Our ob-
jective was to define the transport mechanisms that are stimu-
lated by these allergens and to identify the underlying signaling
pathways responsible for their actions on the epithelium. Our
experiments revealed that Alternaria stimulates both Ca2�-
dependent and CFTR-dependent anion secretion and that treat-
ment with oxidant scavengers such as GSH and N-acetyl
cysteine (NAC) inhibit this response by reducing oxidative
stress. In addition, GSH partially blocked the decrease in
transepithelial resistance produced by Alternaria exposure.
These findings demonstrate that Alternaria allergens are capa-
ble of modulating the transport properties of the airway epi-
thelium. However, prolonged exposure leads to disruption of
epithelial barrier function that would ultimately reduce muco-
ciliary clearance.

MATERIALS AND METHODS

Materials. 16HBE14o� cells were obtained from Dr. Dieter Gru-
enert, University of California, San Francisco (5). Eagle’s minimum
essential medium with Earl’s salts (MEM), fetal bovine serum, non-
essential amino acids, penicillin-streptomycin, CellROX orange,
phosphate-buffered saline (PBS), and Hanks’ balanced salt solution
(HBSS) were obtained from ThermoFisher Scientific (Pittsburgh,
PA). The acetoxymethyl ester form of fura-2 (fura-2 AM) and 1,2-
bis(2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid (BAPTA-
AM) were procured from Invitrogen/Life Technologies (Carlsbad,
CA). The following compounds were from Sigma-Aldrich Chemical
(St. Louis, MO): ethylene glycol-bis(�-aminoethyl ether)-N,N,N=,N=-
tetraacetic acid (EGTA), 4,4=-diisothiocyano-2,2=-stilbenedisulfonic
acid (DIDS), 5-[(4-carboxyphenyl)methylene]-2-thioxo-3-[(3-trifluo-
romethyl)phenyl-4-thiazolidinone (CFTRinh-172), ionomycin, diphe-

nyleneiodonium chloride (DPI), glutathione (GSH), N-acetyl cysteine
(NAC), hydrogen peroxide (H2O2), phenylmethylsulfonyl fluoride
(PMSF), trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane, L-
trans-3-carboxyoxiran-2-carbonyl-L-leucylagmatine, N-(trans-epoxysuc-
cinyl)-L-leucine 4-guanidinobutylamide (E64), 2-[[(4-phenoxyphenyl)
sulfonyl]methyl]-thiirane (SB-3CT), 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF), and 6-tert-butyl-2-(furan-2-
carboxamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylic acid
(CaCCinh-Ano1). Trypsin was obtained from Lonza (Allendale, NJ)
and GM6001 from EMD Millipore (Billerica, MA). Antibodies for
E-cadherin (ab76055), ZO-1 (ab59720), and �-catenin (ab32572)
were purchased from Abcam (Cambridge, MA). Antibody validations
in human cells for E-cadherin (ab76055), ZO-1 (ab59720), and
�-catenin (ab32572) have been previously published (7, 24, 51).

Alternaria alternata extract. Alternaria extract was purchased from
Greer Laboratories (Lenoir, NC). The precise composition of the
extract is unknown but earlier studies with human eosinophils indi-
cated that proteinases within the extract play an important role in
mediating Alternaria activity (33).

Cell culture. Immortalized human bronchial epithelial cells
(16HBE14o� cells) were grown in MEM with 10% fetal bovine
serum, 1% nonessential amino acids, and 1% penicillin-streptomycin
at 37°C in a humidified CO2 (5%) incubator. Monolayers used in
voltage-clamp experiments were grown on Snapwell membrane filters
(Fisher Scientific, Pittsburgh, PA) until transepithelial resistance
(TER) exceeded 500 �·cm2. Cells used for Ca2� imaging experiments
were grown on two-well chamber slides (Laboratory-Tek, VWR
International, Chicago, IL).

Electrophysiology. Transepithelial resistances were measured using
an EVOM epithelial voltohmeter connected to Ag/AgCl electrodes
(World Precision Instruments, New Haven, CT). Monolayers were
mounted in Ussing chambers and bathed on the apical and basolateral
sides of the epithelium with symmetric physiologic saline solution (in
mM): 130 NaCl, 6 KCl, 1.5 CaCl2, 1 MgCl2, 20 NaHCO3, 0.3
NaH2PO4, and 1.3 Na2HPO4 (pH 7.4), maintained at 37°C and gassed
with 95% O2-5% CO2. Cells were apically stimulated with Alternaria
extract at concentrations indicated in the figure legends, and all three
anion channel blockers were added to the apical solution. Voltage-
clamp experiments were performed using DVC1000 epithelial volt-
age/current clamps (World Precision Instruments), and short-circuit
current (Isc) data were acquired using Axoscope 8.1 software (Mo-
lecular Devices, Sunnyvale CA).

Calcium imaging. Ca2� imaging experiments were performed
following a previously published protocol (35). Briefly, 16HBE14o�

cells were gown on chamber slides for 48–72 h. Prior to loading cells
with fura-2, the media were replaced with Ca2�/Mg2�-free HBSS
solution containing 10 mM HEPES buffer. Cells were loaded with
fura-2 AM for 1 h, then washed with Ca2�/Mg2�-containing HBSS
before mounting onto the stage of a Nikon Diaphot inverted fluores-
cence microscope. Fluorescence was visualized with a Nikon UV �20
objective at excitation wavelengths of 340 and 380 nm and a single
emission wavelength of 510 nm. Image acquisition and data analysis
were performed using Image-1 MetaMorph software. Changes in
intracellular [Ca2�] ([Ca2�]i) were determined from the fluorescence
ratio (F340/F380) following calibration using the fura-2 AM calcium
imaging calibration kit from ThermoFisher Scientific.

Oxidative stress measurements. Cells were grown for 48–72 h on
two-well chamber slides in standard MEM/fetal calf serum-containing
media. Oxidative stress induced by Alternaria exposure was measured
following incubation with CellROX orange reagent according to the
manufacturer’s instructions (ThermoFisher Scientific). After loading
for 30 min, cells were exposed to Alternaria (100 �g/ml) or 5 mM
GSH � Alternaria (100 �g/ml) or not exposed to either GSH or
Alternaria (basal conditions) for 20 min. Images were captured with
a Nikon Diaphot fluorescence microscope equipped with a Diagnos-
tics Instruments Model 14.1 monochrome camera and SPOT Ad-
vanced imaging software. Relative fluorescence intensity measure-
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ments were made using ImageJ software (National Institutes of
Health, Bethesda, MD).

ATP release measurements. ATP measurements in the extracellular
media were performed in real time as previously described using a
luciferase/luciferin bioluminescence ATP determination kit (Thermo-
Fisher Scientific) (39). ATP-evoked photon emission was measured
using a Glomax 20/20 luminometer (Promega, Madison WI). Initially,
standard curves were generated over a range of 1–1,000 nM ATP in
standard reaction solution (SRS). The ATP concentrations were av-
eraged after subtraction of the background luminescence. Cultured
epithelial monolayers grown on 35-mm dishes were then loaded into
the luminometer and the apical surface covered with SRS-containing
luciferin/luciferase. Monolayers were then stimulated with Alternaria
or pretreated with DPI (100 �M) or GSH (5 mM) for 30 min before
stimulation with Alternaria. Luminescence was measured over a
period of 20 min after the addition of Alternaria, and the signal was
converted to [ATP] using the previously generated calibration curve.

Dextran flux measurements. Monolayers were initially grown on
12-mm Snapwell filters until they reached resistances between ~600
and 1,000 �·cm2. Media were removed and the cells were washed
twice with serum-free MEM. Fluorescein isothiocyanate (FITC)-
labeled dextran (molecular mass 4,000 Da, final concentration; 2.0
mg/ml) was added to the apical solution 1 h before treatment with
Alternaria or H2O2 (0.5 mM). Samples of the apical and basolateral
solutions were taken at several time points (�1, 0, 1, and 4 h).
Fluorescence intensity was measured using a Biotek Synergy 2
fluorescence plate reader equipped with filters for detecting FITC
(excitation/emission wavelengths � 485 nm/530 nm). To determine
dextran concentration, a standard curve was generated using varying
FITC-dextran concentrations (in �M: 0.0625, 0.125, 0.25, 0.5, 1, and
2) and used to calculate the unidirectional fluxes at time 0, 1 and 4 h
following Alternaria or H2O2 exposure.

Immunocytochemistry. Monolayers used for characterizing the ef-
fects of Alternaria and H2O2 on TER were fixed with 4% parafor-
maldehyde for 30 min and incubated with 0.1% Triton X-100 for 20
min before being washed and blocked with 3% bovine serum albumin
(BSA) for 2 h. Monolayers were then incubated with primary E-
cadherin, ZO-1, or �-catenin antibodies overnight in 3% BSA. The
cells were then incubated in secondary Alexa Fluor antibodies diluted
in PBS for 45 min then washed five times with PBS. Next, monolayers
were treated with 4=,6-diamidino-2-phenylindole (DAPI) diluted in
PBS for 10 min and then washed again with PBS. Filters were
subsequently mounted on slides, and antibody labeling was examined
by confocal microscopy using an Olympus FV1000 confocal micro-
scope with a �20 fluorescence objective.

Statistics. Data are presented as means 	 SE. Statistical signifi-
cance was determined by using an unpaired two-tailed t-test (for
single comparisons) or an ANOVA followed by Dunnett’s posttest for
multiple comparisons with a common control or an ANOVA followed
by a Tukey’s posttest for multiple comparisons. A value of P 
 0.05
was considered significant. Concentration-response relationships were
analyzed using PRISM 6 software (GraphPad Software, La Jolla, CA).

RESULTS

Apical addition of Alternaria extract to monolayers of im-
mortalized human bronchial epithelial cells produced an in-
crease in short-circuit current (Isc) consistent with anion secre-
tion. Figure 1, A and B, shows the kinetics of Alternaria-
evoked increases in Isc at concentrations of 50 and 100 �g/ml
and a concentration-response relationship for Alternaria rang-
ing from 50 to 200 �g/ml. The rate and magnitude of the Isc

increase was found to be dependent on concentration. How-
ever, stable measurements of Isc could not be obtained at
Alternaria concentrations �200 �g/ml. Treatment of mono-
layers with the disulfonic stilbene derivative DIDS (250 �M),

an inhibitor of calcium-activated Cl� channels (CaCCs), as
well as certain anion exchange transporters (27, 42, 43) pro-
duced an initial rapid inhibition of Isc, followed by a slower,
time-dependent decrease in current to baseline levels (Fig. 1C).
Similarly, pretreatment with 250 �M DIDS effectively abol-
ished the increase in Isc typically observed following apical
addition of 50 �g/ml Alternaria. A concentration-response
relationship for DIDS is shown in Fig. 1D. The IC50 value was
calculated to be 100 �M based on a nonlinear least squares fit
using a three-parameter logistic function (Prism 6.0). The
effect of an inhibitor of the A01 (TMEM16A) calcium-acti-
vated Cl� channel (CaCCinh-A01) was also tested and its effect
on Isc is shown in Fig. 1E. CaCCinh-A01 inhibited ~50% of the
Alternaria-stimulated Isc and blocked the further decrease in
current produced by treatment with 100 �M DIDS, indicating
that DIDS and CaCCinh-A01 target a common apical transport
pathway involved in anion secretion (Fig. 1E). Alternaria also
stimulated CFTR-dependent anion secretion as indicated by
inhibition of the Alternaria stimulated Isc with CFTRinh-172
shown in Fig. 1F.

Apical addition of Alternaria (50 �g/ml) also produced a
large and sustained increase in [Ca2�]i (Fig. 2, A and B).
Moreover, adding 1 mM EGTA to the apical solution, with the
purpose of lowering extracellular [Ca2�] before treatment with
Alternaria, abolished the increase in [Ca2�]i as shown in panel
4 of Fig. 2A and in the red trace of Fig. 2B. This result
indicated that the Alternaria-evoked increase in [Ca2�]i was a
consequence of Ca2� uptake from the extracellular solution.
Pretreating cells with a cell-permeable Ca2�-chelating agent
(BAPTA-AM) at 50 and 100 �M also reduced the increase in
[Ca2�]i associated with apical Alternaria exposure (Fig. 2, C
and D). Furthermore, pretreatment with BAPTA-AM also
significantly blocked the Isc increase induced by Alternaria
(Fig. 2D), suggesting a direct role for [Ca2�]i in regulating
Alternaria-evoked anion secretion. In an earlier experiment
(Fig. 1C), DIDS was shown to have a biphasic effect on the
Alternaria Isc response such that pretreatment with 250 �M
DIDS completely blocked the increase in Isc. The slow, time-
dependent component of the DIDS response suggested that the
compound may be blocking anion secretion by a mechanism
independent of inhibiting apical membrane anion channels. To
test this hypothesis, we examined the effect of DIDS on the
Alternaria-induced increase in [Ca2�]i and found that pretreat-
ment with 250 �M DIDS completely blocked the response, but
had no effect on the increase in [Ca2�]i produced by apical
addition of the Ca2� ionophore, ionomycin (4 �M) (Fig. 2, E
and F). This result suggested that 250 �M DIDS is capable of
blocking the Ca2� uptake mechanism that is activated by
Alternaria in addition to its effect on CaCCs.

Figure 3 shows the results of experiments designed to
determine whether Alternaria exposure produces ROS accu-
mulation leading to oxidative stress. CellROX orange is a
cell-permeable fluorescent compound that responds to oxida-
tive stress by increasing fluorescence (18, 26, 49). CellROX
orange-loaded cells exhibited a low level of fluorescence under
basal, unstimulated conditions (Fig. 3A); however, exposure to
100 �g/ml Alternaria for 15 min produced a significant in-
crease in fluorescence consistent with ROS generation and
oxidative stress (Fig. 3B). In contrast, cells that were initially
pretreated with 5 mM glutathione (GSH) before Alternaria
exposure showed significantly reduced levels of fluorescence
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Fig. 1. Alternaria exposure stimulates transepithelial anion secretion. A: kinetics of the short-circuit current (Isc) response following apical exposure to 50 and
100 �g/ml Alternaria extract. B: concentration-response relationship for Alternaria (Alt)-evoked increases in steady-state Isc (n � 4; *significantly different from
the basal short-circuit current). C: kinetics of apical DIDS (250 �M) posttreatment and pretreatment on the Alternaria-evoked (50 �g/ml) Isc response (n � 6).
D: concentration-response relationship showing the inhibitory effects of apical DIDS on the Alternaria-induced (50 �g/ml) increase in Isc (n � 5). The
IC50 � 1.23 � 10�4 M. E: kinetics of apical CaCCinh (40 �M) and DIDS posttreatment on the Alternaria-evoked Isc response (n � 6). F: summary bar graph
showing the effects of CFTRinh-172 (20 �M), DIDS (250 or 100 �M), and CaCCinh (40 �M) on steady-state Isc increase evoked by Alternaria (50 �g/ml).
*Significant difference between the basal and Alternaria-stimulated Isc. †Significant differences between the Alternaria-stimulated and inhibitor (CFTRinh-172,
CaCCinh-Ano1, or DIDS)-treated Isc values.
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compared with Alternaria treatment alone (Fig. 3, C and D).
This result demonstrated that oxidant scavenging by GSH is
sufficient to block Alternaria-evoked ROS generation.

Earlier studies using primary normal human bronchial epi-
thelial (NHBE) cells showed that Alternaria exposure induces
ATP release (19, 26, 39). We tested whether a similar response
could be detected in 16HBE14o� cells by measuring the
release of ATP by photon counting in real time using mono-
layers where the apical solution contained luciferin and lu-
ciferase. Results presented in Fig. 4A show that exposure to
Alternaria (50 �g/ml) induces ATP secretion into the apical
solution starting at ~5 min and continues to increase up to 20
min in the presence of Alternaria allergens. This increase in
ATP release was dramatically blocked by pretreatment with 5
mM GSH, and to a lesser extent following pretreatment with
DPI, an inhibitor of NADPH oxidase activity and of complex

1 of the electron transport chain (30) (Fig. 4B). Subsequent
Ca2� imaging experiments revealed that 5 mM GSH and 100
�M DPI were highly effective at inhibiting Alternaria-evoked
increases in [Ca2�]i (Fig. 4, C and D) The effects of GSH and
DPI on the steady-state levels of [Ca2�]i following Alter-
naria exposure are shown in Fig. 4E. The dose-response
relationship of N-acetyl cysteine (NAC) a clinically used
oxidant scavenger, on the steady-state increase in [Ca2�]i

induced by Alternaria is reported in Fig. 4F. These data
indicate that Alternaria-evoked oxidative stress underlies
the increase in both ATP release and Ca2� uptake that
occurs following apical treatment with Alternaria.

The effects of Alternaria (100 �g/ml) and exogenously
added hydrogen peroxide (0.5 mM) on epithelial barrier func-
tion was investigated by measuring both transepithelial resis-
tance (TER) and unidirectional (apical-to-basolateral) dextran
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Fig. 2. Alternaria-induced changes in intracellular
Ca2� concentration ([Ca2�]). A: images of
16HBE14o� cell monolayers labeled with fura-2 AM
before and after 700 s of stimulation with 50 �g/ml
Alternaria extract and after pretreatment with 1 mM
EGTA in the extracellular solution. Scale bar � 20
�m. B: kinetics of the Alternaria effect on [Ca2�]i in
the absence and presence of 1 mM EGTA in the
extracellular solution (n � 25 cells for each condition).
C: effects of BAPTA-AM pretreatment (50 and 100
�M) on Alternaria-evoked increases in [Ca2�]i (n �
25 cells for each condition). D: BAPTA pretreatment
significantly inhibits the effect of Alternaria on
[Ca2�]i (n � 25 cells) and Isc (n � 8 monolayers).
*Significantly different from the basal Isc. †Significant
differences between basal and Alternaria-treated con-
ditions. E: pretreatment with 250 �M DIDS blocks the
Alternaria-evoked increase in [Ca2�]i but does not
inhibit ionomycin-induced increases in [Ca2�]i (n �
25 cells for each condition). F: summary of the effects
of DIDS on Alternaria and ionomycin-induced in-
creases in [Ca2�]i (n � 25 for each condition).
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(molecular mass � 4,000 Da) fluxes (Fig. 5). Exposure to
Alternaria produced a decrease in TER from 760 	 35 to
151 	 4 �·cm2 (n � 6) over a period of 4 h. This change in
resistance reflects both the increase in transepithelial Cl�

conductance and an increase in tight junction ion permeability.
Addition of 0.5 mM H2O2 to the apical solution also reduced
the TER (674 	 60 to 331 	 18 �·cm2; n � 6) but not to the
same extent as Alternaria after 4 h (Fig. 5A). Moreover, the
time course of the H2O2 response was appreciably slower
compared with that of Alternaria, which caused nearly a
complete loss of resistance after 1 h of exposure (note: the
resistance of the filters alone � ~100 �·cm2). When monolay-
ers were initially pretreated with 5 mM GSH and then exposed
to either H2O2 or Alternaria, the effect of H2O2 was com-
pletely blocked whereas the response to Alternaria was only
partially inhibited (Fig. 5B). However, pretreatment of mono-
layers with various proteinase inhibitors including PMSF (a
pan-specific serine proteinase inhibitor), E64 (a cysteine pro-
tease inhibitor), GM6001 [a pan-specific matrix metalloprotei-
nase (MMP) inhibitor], SB-3CT (an MMP2 and MMP9 inhib-
itor), and AEBSF (a pan-specific serine proteinase inhibitor)
each failed to inhibit the decrease in TER evoked by Alternaria
(Table 1). As a control, we tested the effects of a low concen-
tration of trypsin (7 �g/ml) on TER and discovered that it
significantly increased resistance by �2-fold and sustained this
increase for 4 h in the continuous presence of the enzyme.
Pretreatment with a serine proteinase inhibitor (PMSF) effec-
tively blocked the rise in TER whereas E64, a cysteine protei-
nase inhibitor, did not (Fig. 5C). To determine whether the
effect of Alternaria on TER was due to activation of PAR2
receptors, we tested the effects of the PAR2-activating peptide

SLIGKV-NH2 (20 �M) and found that it had no effect on
resistance after 4 h of treatment (data not shown). The results
of trypsin experiments indicated that low concentrations of the
enzyme do not reduce TER and in fact cause an increase that
can be blocked by a serine proteinase inhibitor, but is poorly
blocked by a cysteine proteinase inhibitor. However, these
inhibitors at the same concentrations were ineffective at block-
ing the Alternaria response. Figure 5D shows that Alternaria
increases the permeability of epithelial monolayers to mac-
romolecules as indicated by an increase in the unidirectional
flux of dextran (molecular mass � 4,000) after 1 and 4 h of
allergen exposure. In contrast, pretreatment with AEBSF
was ineffective at blocking the stimulated dextran flux after
4 h, although a significantly lower flux was observed after a
1-h exposure to Alternaria (Fig. 5C). H2O2 had no signifi-
cant effect on the dextran flux after 1 h; however, a signif-
icant increase was detected after 4 h. To determine whether
Alternaria or H2O2 exposure for 4 h produced visible signs
of monolayer destruction, we performed confocal imaging
using antibodies that labeled tight junction proteins includ-
ing �-catenin, E-cadherin, and ZO-1 (Fig. 6). Our results
indicated that epithelial integrity remained intact, with no
observable disruption of tight junctions or loss of epithelial
cells, although some decrease in the intensity of �-catenin
and ZO-1 staining was observed in monolayers treated with
H2O2. These findings support the conclusion that Alternaria
increases both ionic and macromolecular permeability of the
epithelium, but that these changes do not involve observable
destruction of monolayer integrity or junctional complexes
between the epithelial cells.
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Fig. 3. Alternaria induces oxidative stress in 16HBE14o�

cells. A: basal fluorescence of cells loaded with CellROX
orange. B: Alternaria-evoked (50 �g/ml) increase in fluores-
cence after 15 min of exposure to the extract. C: pretreatment
with 5 mM GSH blocks the increase in fluorescence pro-
duced by Alternaria exposure. D: summary of the changes in
relative fluorescence intensity obtained from images of basal,
Alternaria-stimulated, and 5 mM GSH � Alternaria-stimu-
lated conditions (n � 25 cells for each condition). *Signifi-
cantly different from the basal condition. Scale bar � 20 �m.
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DISCUSSION

16HBE14o� cells were originally isolated from a 1-yr-old
male heart-lung transplant patient and immortalized following
transfection with the SV40 T-antigen (5, 12). These cells have
been shown to retain differentiated epithelial morphology in-
cluding tight junctions, cilia and a transepithelial resistance
comparable to primary bronchial epithelial cells. Monolayers
of 16HBE14o� cells exhibit �-adrenergic receptor and cAMP-
dependent regulation of anion secretion, mediated through
activation of apical CFTR channels. Moreover, exposure to
bradykinin or the Ca2� ionophore ionomycin produced in-
creases in intracellular [Ca2�] and stimulated Ca2�-dependent
Cl� secretion (12). Using this cell line as an experimental
model, we investigated the effects of Alternaria aeroallergens
on transepithelial anion transport, a process that underlies
mucociliary clearance. Our experiments demonstrated that Al-

ternaria exposure induced a sustained, concentration-depen-
dent increase in Isc, consistent with stimulation of anion secre-
tion. Furthermore, treatment with inhibitors of CFTR and the
Ca2�-activated Cl� channel Ano1 significantly inhibited the
Isc, suggesting that both channels are activated following apical
treatment with Alternaria. However, it is worth noting that
CFTRinh-172 has been previously shown to inhibit the ClC-2
Cl� channel as well as CFTR. Earlier whole cell patch-clamp
experiments with recombinant ClC-2 and CFTR channels ex-
pressed in HEK293 cells revealed that CFTRinh-172 inhibited
both forskolin/IBMX-stimulated CFTR currents and lubi-
prosone-stimulated ClC-2 currents with equal potency (13).
Therefore, care must be taken not to conclude that inhibition of
anion transport by CFTRinh-172 results from CFTR inhibition
alone, especially in cells that are known to express both ClC-2
and CFTR. In a prior study, a molecular approach involving the

Time (minutes)

[A
TP

] (
nM

/c
m

2 )

0 5 10 15 20
0

80

160

240

320

[A
TP

] (
nM

/c
m

2 )

0

10

20

30

40

50

60

Alternaria (50 µg/ml)
Alt + DPI (100 µM)
Alt + GSH (5 mM)

*

*

0 300 600 900

100

200

300

400

Alternaria (50 µg/ml)
Alt (50 µg/ml) + GSH (0.5 mM)
Alt (50 µg/ml) + GSH (5 mM)

Time (seconds)

[C
a2+

] i (
nM

)

[NAC] (M)

[C
a2+

] i/[
C

a2+
] m

ax

-4.0 -3.5 -3.0 -2.5 -2.0
0.0

0.3

0.6

0.9

1.2

0 250 500 750 1000

100

200

300

400
Alternaria (100 µg/ml)
DPI (100 µM) + Alternaria

Time (seconds)

[C
a2+

] i (
nM

)

Δ
[C

a2+
] i/[

C
a2+

] m
ax

0.0

0.2

0.4

0.6

0.8

1.0

Alt (50 µg/ml) + GSH (0.05 mM)
Alt + GSH (0.5 mM)
Alt + GSH (5.0 mM)
Alt (50 µg/ml) control
Alt + DPI (100 µM)

*
*

DC

FE

BA

Fig. 4. ROS scavengers and DPI inhibit the effects of Alter-
naria on ATP release and [Ca2�]i. A: kinetics of ATP release
evoked by Alternaria (100 �g/ml). B: effects of DPI (100 �M)
and GSH (5 mM) pretreatment (5 min before Alternaria addi-
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each condition). D: DPI inhibits Alternaria-evoked increase in
[Ca2�]i (n � 25 cells for each condition). E: summary of the
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use of ClC-2 and ClC-3-deficient mice was used to rule out the
possible involvement of these ClC channels as contributors to
the Cl� conductance present in the basolateral membrane of
airway epithelia (22). In the present study, ClC-2/CFTR knock-

down experiments were not performed, therefore we are unable
to exclude the possibility that ClC-2 channels may be contrib-
uting to Alternaria-evoked anion secretion. The disulfonic
stilbene compound DIDS, a known Ca2�-dependent Cl� chan-
nel inhibitor, produced a biphasic effect on Isc resulting in
complete inhibition of the Alternaria-evoked Isc response. The
initial decrease in Isc was consistent with rapid inhibition of
anion channel activity, whereas the slow, time-dependent de-
crease in current appeared to involve a separate mechanism
necessary for sustained anion secretion. We speculate that the
slow component of the DIDS response is related to inhibition
of Ca2� uptake and an associated decrease in [Ca2�]i.

Alternaria exposure also produced a sustained increase in
intracellular [Ca2�] with characteristics similar to results from
earlier studies using primary human bronchial epithelial
(NHBE) cells (25, 38) and 16HBE14o� cells (3). Chelation of
extracellular Ca2� with EGTA before addition of Alternaria
abolished the [Ca2�]i increase indicating that Alternaria expo-
sure had activated a Ca2� uptake mechanism located in the
apical membrane. Similarly, pretreatment with the cell per-
meable Ca2� chelating agent BAPTA-AM also blocked the
Alternaria-induced increase in [Ca2�]i and significantly
reduced the Isc response, demonstrating that stimulation of
anion secretion was dependent on the increase in [Ca2�]i.
Comparison of the kinetics of the Alternaria effect on both
Isc and [Ca2�]i shows a greater delay in the onset of ATP
release and the Ca2� response. This apparent discrepancy in
the temporal cause and effect relationship between the
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Fig. 5. Alternaria and H2O2 exposure reduces transepi-
thelial resistance (TER) and increases macromolecule
permeability of 16HBE14o� cell monolayers. A: time-
dependent decreases in TER following exposure to api-
cal Alternaria (100 �g/ml) or H2O2 (0.5 mM) compared
with untreated controls (n � 6 for each condition). B:
pretreatment with 5 mM GSH completely blocks the
inhibitory effect of H2O2 on TER and partially inhibits
the effects of Alternaria on TER (n � 6). C: effects of
serine protease exposure (trypsin, 7 �g/ml) or Alternaria
(100 �l/ml) on TER before and after pretreatment with
the serine protease inhibitor PMSF (0.5 mM) or the
cysteine protease inhibitor E64 (10 �M) (n � 3 for each
condition). D: effects of Alternaria and H2O2 on apical-
to-basolateral unidirectional FITC-Dextran (molecular
mass � 4,000 Da) fluxes at time 0, 1 h after treatment,
and 4 h after treatment. *Significantly different from
time 0 (n � 6 for each condition).

Table 1. Effect of proteinase inhibitors on the Alternaria-
induced decrease in TER

Pretreatment TER, �·cm2

Control
0 h 654 	 34
4 h 521 	 26

Alternaria, 100 �g/ml
0 h 718 	 33
4 h 151 	 4*

PMSF, 0.5 mM
0 h 554 	 54
4 h 158 	 3*

E64, 10 �M
0 h 562 	 46
4 h 155 	 2*

GM6001, 10 �M
0 h 1,026 	 27
4 h 150 	 3*

5B-3CT, 1 �M
0 h 1,042 	 14
4 h 154 	 2*

AEBSF, 200 �M
0 h 847 	 104
4 h 151 	 7*

Values are means 	 SE. *P 
 0.05.
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initiation of ATP secretion, Ca2� uptake and stimulation of
Cl� secretion is most likely due to the fact that the ATP and
Ca2� measurements were performed at room temperature
(~22°C), whereas the Isc measurements were conducted at
37°C. This 15 degree difference in temperature would be
expected to slow the effect of Alternaria on signaling mecha-
nisms involved in regulation of Cl� secretion.

Pretreatment of cells with DIDS also inhibited the Alter-
naria-evoked increase in [Ca2�]i; however, the ionomycin
response was not affected. This result established that the
concentration of DIDS used to completely block the Alter-
naria-induced Isc response inhibited Ca2� uptake across the
plasma membrane, which accounts for the slow, time-de-

pendent decrease in Isc that occurs following inhibition of
anion channel activity. Previous experiments with NHBE
cells showed that P2X7 receptors were responsible for the
increase in [Ca2�]i produced by Alternaria (23) and activa-
tion of P2X7 receptors by 2,3-O-(4-benzoylbenzoyl) ATP
(BzATP) in pancreatic duct epithelial cells was shown to be
blocked by high concentrations (�100 �M) of DIDS (8).
P2X receptor activation in 16HBE14o� cells is likely to
occur since the present study showed that Alternaria stim-
ulated a robust and sustained increase in ATP release from
the epithelium. Moreover, previous studies have shown that
P2X7 receptor activation with BzATP increases [Ca2�]i in
submandibular gland acinar and duct epithelial cells and

+ DAPIE-Cad: β-Ctn ZO1 :β-Ctn

B Alt (100 µg/ml)

A   Control

C H2O2 (500 µM)

Fig. 6. Effects of Alternaria and H2O2 on tight junction complexes in monolayers of 16HBE14o� cells. A: immunocytochemistry showing tight junction
expression of E-cadherin, �-catenin, and ZO1 under untreated control conditions. B: exposure to Alternaria for 4 h produced no measurable change in the
expression pattern for E-cadherin, �-catenin, or ZO1. C: treatment with 500 �M H2O2 for 4 h diminishes the intensity of �-catenin and ZO1 labeling along the
lateral membranes. Scale bar � 20 �m.
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stimulates Cl� secretion by activation of CFTR and Ca2�-
activated Cl� channels (32, 37, 38).

Recently, Alternaria exposure was shown to induce oxida-
tive stress in NHBE cells and this response could be blocked by
pretreatment with oxidant scavengers such as GSH or by Nrf2
modulators such as CDDO-Me (bardoxolone) or resveratrol
(19, 21, 48). Oxidative stress following treatment with Alter-
naria was directly observed in the current study by an increase
in fluorescence associated with a cell-permeable ROS indica-
tor. Addition of exogenous GSH completely blocked this
change in fluorescence, consistent with ROS scavenging. Pre-
treatment with ROS scavengers and DPI, an NADPH oxidase/
complex 1 electron transport inhibitor (30), also inhibited ATP
release and the increase in [Ca2�]i induced by Alternaria,
signifying that oxidative stress was critical for triggering sig-
naling pathways that activate ATP secretion and Ca2�-uptake
across the apical membrane, ultimately stimulating Cl� secre-
tion. In an earlier study using Calu-3 cells, a human submu-
cosal gland serous cell line, ROS exposure was shown to
stimulate CFTR-dependent anion secretion (11). Although
measurements of [Ca2�]i were not performed, pretreatment
with the adenylyl cyclase inhibitor SQ22536 completely
blocked CFTR activation, indicating that ROS exposure pro-
duced an increase in cAMP, which is known to regulate both
apical CFTR channels and basolateral KCNQ1/KCNE3 K
channels. ROS exposure is also known to stimulate the pro-
duction of prostaglandin-like compounds known as isopros-
tanes (10). Exposure of Calu-3 cells to the isoprostane 8-iso-
prostaglandin E2 was shown to stimulate CFTR-dependent
anion secretion in part by activation of the thromboxane A2
(TP�) receptor. Previous studies have shown that ligand-
dependent activation of TP� receptors increases adenylyl cy-
clase activity, leading to an increase in [cAMP] and activation
of ion channels involved in anion secretion. A similar mecha-
nism could potentially contribute to the Alternaria-induced
CFTR activation observed in the present study. Oxidative
stress was also shown to induce increases in [Ca2�]i and Cl�

secretion in human nasal epithelial cells and 16HBE14o� cells
following treatment with exogenous H2O2 (14). The increase in
[Ca2�]i was abolished when EDTA was added to the extracel-
lular media, indicating that H2O2 exposure stimulates a Ca2�

uptake mechanism in the plasma membrane. In addition, oxi-
dative stress also produced inhibition of Na-K-ATPase activ-
ity, which resulted in a time-dependent increase in intracellular
[Na�]. The results of this study are consistent with the con-
clusion that oxidative stress induced by Alternaria is respon-

sible for increasing both [Ca2�]i and anion secretion in airway
epithelial cells.

Earlier studies of the house dust mite allergen Der p 1, a
protein with cysteine protease activity, on epithelial barrier
function showed time-dependent disruption of tight junctions
and loss of ZO-1 content in 16HBE14o� cell monolayers (50).
Morphologic changes in tight junction structure were associ-
ated with increased junctional permeability as determined by
measurements of [14C]mannitol fluxes. Tight junction disrup-
tion was linked to cleavage of ZO-1 and occludin, suggesting
that sensitization and allergic inflammatory responses to house
dust mite allergens may depend in part on loss of airway
epithelial tight junction integrity. Similarly, alkaline serine
proteinase activity associated with allergens Pen ch 13 and Asp
f 13 derived from two species of fungi, Pencillium and Asper-
gillus, have been shown to induce the release of PGE2, IL-8,
and TGF-�1 from airway epithelial cells and to cleave occludin
within the tight junctions of 16HBE14o� cells (44, 46). Al-
though measurements of tight junction permeability were not
performed, the authors speculated that occludin degradation
could facilitate allergen transport across the epithelial barrier to
promote an inflammatory response. More recently, the effects
of Pen ch 13 were investigated in a human lung adenocarci-
noma cell line (NCI-H441 cells) where it was shown to induce
degradation of occludin, ZO-1, and E-cadherin after 2 h of
exposure and to reduce TER (6). The results of the present
study showed that Alternaria induces a significant decrease in
TER within 1 h after exposure. In contrast, treatment with 0.5
mM H2O2 was less complete after 4 h of exposure. Interest-
ingly, pretreatment with several proteinase inhibitors including
PMSF, E64, AEBSF, and two MMP inhibitors failed to block
the effects of Alternaria on TER. Moreover, in control exper-
iments using a low concentration of trypsin added to the apical
surface, TER increased by twofold and this effect was blocked
by pretreatment with the serine proteinase inhibitor PMSF, but
only slightly reduced by the cysteine proteinase inhibitor E64,
a result confirming the serine proteinase selectivity of PMSF.
In contrast to the lack of effect of proteinase inhibitors on the
decrease in TER evoked by Alternaria, pretreatment with GSH
produced a partial inhibition of the response, suggesting that
oxidative stress contributed in part to the decrease in electrical
resistance of the monolayer. Furthermore, fluorescent dextran
flux experiments demonstrated that Alternaria produced a
significant increase in tight junction macromolecule permea-
bility within 1 h of exposure, whereas oxidative stress induced
by H2O2 required 4 h of treatment to produce a significant
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Fig. 7. A model summarizing the key findings of this
study. See DISCUSSION for details.
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increase in permeability that was significantly less than ob-
served after treatment with Alternaria. Pretreatment with the
serine proteinase inhibitor AEBSF affected the magnitude of
the unidirectional dextran flux after 1 h, but at 4 h the flux was
not significantly different than Alternaria treatment alone.
These findings indicated that acute oxidative stress predomi-
nately affects the electrical resistance of the epithelium, which
would increase paracellular ion movement and reduce the
shunt resistance of the monolayer. This would ultimately
diminish net transepithelial electrolyte transport and reduce
overall mucociliary clearance. However, the increase in mac-
romolecule permeability induced by Alternaria appears to be
less affected by oxidative stress, but the exact mechanism is
not clear from the results of the present study. It is possible that
a proteinase(s) that are insensitive to the inhibitors used in this
study may be involved, but additional experiments will be
required to reveal their identity.

A model that summarizes the key findings of this study is
presented in Fig. 7. The results suggest that apical exposure to
Alternaria allergens induces oxidative stress, possibly by acti-
vation of NADPH oxidase activity or by uncoupling mitochon-
drial respiration. Consequently, ATP release from the epithe-
lium occurs, which activates Ca2� uptake through a DIDS-
sensitive conductive pathway in the apical membrane. The
increase in [Ca2�]i stimulates apical Cl� efflux and transepi-
thelial Cl� secretion, which is completely blocked by CaCCinh-
Ano1, a known inhibitor of Ca2�-activated Cl� channels, and
CFTRinh-172, an inhibitor of CFTR as well as ClC-2. The
increase in oxidative stress also contributes to a time-depen-
dent decrease in transepithelial resistance; however, the in-
crease in dextran permeability appears to be independent of the
increase in oxidative stress and may involve proteinase activa-
tion.
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