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Bacillus anthracis Lethal Toxin Reduces Human Alveolar Epithelial

Barrier Function
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The lung is the site of entry for Bacillus anthracis in inhalation anthrax, the deadliest form of the disease. Bacillus anthracis pro-
duces virulence toxins required for disease. Alveolar macrophages were considered the primary target of the Bacillus anthracis
virulence factor lethal toxin because lethal toxin inhibits mouse macrophages through cleavage of MEK signaling pathway com-
ponents, but we have reported that human alveolar macrophages are not a target of lethal toxin. Our current results suggest that,
unlike human alveolar macrophages, the cells lining the respiratory units of the lung, alveolar epithelial cells, are a target of le-
thal toxin in humans. Alveolar epithelial cells expressed lethal toxin receptor protein, bound the protective antigen component
of lethal toxin, and were subject to lethal-toxin-induced cleavage of multiple MEKs. These findings suggest that human alveolar
epithelial cells are a target of Bacillus anthracis lethal toxin. Further, no reduction in alveolar epithelial cell viability was ob-
served, but lethal toxin caused actin rearrangement and impaired desmosome formation, consistent with impaired barrier func-
tion as well as reduced surfactant production. Therefore, by compromising epithelial barrier function, lethal toxin may play a
role in the pathogenesis of inhalation anthrax by facilitating the dissemination of Bacillus anthracis from the lung in early dis-

ease and promoting edema in late stages of the illness.

he lung is the site of entry for Bacillus anthracis in inhalation

anthrax, the deadliest form of the disease. Vegetative Bacillus
anthracis is not known to cause initial disease in the lung (26).
Rather, spores are internalized by resident lung cells, and vegeta-
tive bacteria subsequently disseminate to cause systemic disease.
Regardless of anthrax disease type, in terminal stages of infection,
humans exhibit acute lung injury (3, 62), possibly caused by lethal
toxin (LT) produced by vegetative Bacillus anthracis in the blood
(31). The pathogenesis and progression of inhalation anthrax de-
pends strongly on the production of LT, a Zn™*-dependent met-
alloprotease, and edema toxin (ET), a calmodulin-dependent ad-
enylate cyclase (42). LT and ET consist of the anthrax protective
antigen (PA) in combination with lethal factor (LF) or edema
factor (EF), respectively. PA binds a receptor on the target cell and
provides a channel by which LT and ET enter the cytosol (42).

Although LT is an important virulence factor in human an-
thrax infections, the exact mechanism of action and cellular target
of LT during infection are not understood. Macrophages have
long been considered a primary target of LT in inhalation anthrax,
and much attention has been focused on the relationship between
macrophages and LT in anthrax infection and death in mice. LT
lyses mouse macrophages and inhibits the innate immune re-
sponse to Bacillus anthracis, making mice more susceptible to le-
thal infection. In addition, two recent reports show that mice lack-
ing the capillary morphogenesis protein 2/anthrax toxin receptor
2 (CMG2/ANTXR2), specifically in myeloid cells, are resistant to
Bacillus anthracis infection (34, 35), suggesting that myeloid sen-
sitivity to Bacillus anthracis toxins plays some role in anthrax
pathogenesis.

However, LT kills mice even if the mouse macrophages are
depleted or made insensitive to LT, suggesting that LT-induced
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macrophage lysis is not directly responsible for death due to LT
(23,41, 42, 46). For example, even when mouse macrophages are
rendered insensitive to LT by eliminating functional CMG2/
ANTXR?2 in their myeloid lineage, the mice are still sensitive to LT.
These observations suggest that alveolar macrophages and other
myeloid cells are not a required target for LT-induced lethality.
Further evidence also supports the conclusion that alveolar mac-
rophages are unlikely to be a primary target of LT. In a previous
report, we showed that the main resident phagocyte in the human
airway, the human alveolar macrophage (HAM), does not have a
functional anthrax toxin receptor, does not bind PA, does not
undergo MEK cleavage, and is not killed by Bacillus anthracis (64).
Thus, HAM, unlike mouse macrophages, are not a direct cellular
target for LT in the lung. As the lung is the portal of entry in
inhalational anthrax and is affected in terminal disease, we hy-
pothesize that a different cell in the lung is a target of LT and plays
arole in death from inhalation anthrax.

TypeIalveolar epithelial cells (AECI) and type I AEC (AECII)
line the surface of the alveoli, the functional respiratory units of
the lung. AEC II cells are precursors of AEC I, produce surfactant,
and line ~5% of the surface area of the alveoli. AEC I are termi-
nally differentiated cells and cover the remaining ~95% of the

Received 20 September 2012 Accepted 22 September 2012

Published ahead of print 1 October 2012

Editor: S. R. Blanke

Address correspondence to Jordan Patrick Metcalf, jordan-metcalf@ouhsc.edu.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/1A1.01011-12

December 2012 Volume 80 Number 12


http://dx.doi.org/10.1128/IAI.01011-12
http://iai.asm.org

alveolar epithelial surface (15). We hypothesized that AEC may be
targeted by LT, as alveolar edema is prominent later in disease and
the alveolar epithelial barrier must be compromised in the initial
stage of anthrax. There is a lack of studies of the effects of LT on
human primary AEC. A study on primary human bronchiolar
epithelial cells showed that cytoskeletal integrity was reduced after
treatment with LT (32). However, primary human AEC are a bet-
ter model for studies of Bacillus anthracis pathophysiology be-
cause edema, when it occurs in terminal disease, involves the al-
veolar structures and because the initial stages of inhalation
anthrax also involve primarily this anatomic unit rather than the
more-proximal bronchial airways. Anthrax toxin studies on hu-
man primary AEC have likely not been done because of practical
considerations rather than a lack of scientific interest, i.e., human
lung tissue is a limited resource, the AEC isolation procedures are
lengthy (see Materials and Methods), and isolated cells are diffi-
cult to store for subsequent experiments (63). However, we de-
cided to pursue this study because we had previous knowledge
that primary human alveolar macrophages (HAM) differ signifi-
cantly in their response to LT compared to cultured immortalized
macrophage cell lines (e.g., A549 cells). Accordingly, we reasoned
that the response of primary human AEC to LT might yield sig-
nificant insights into anthrax pathophysiology that cannot be dis-
covered using immortalized cell lines or other types of respiratory
cells.

We found that LT exposure of primary human AEC caused
MEK cleavage, actin cytoskeleton rearrangement, decreased ex-
pression and altered distribution of junction proteins, decreased
barrier function, and decreased surfactant production without de-
creased viability. Our data suggest that the anthrax toxin receptors
in the epithelium may play a role in both stages of inhalational
anthrax by compromising the epithelial barrier function directly,
i.e., through inhibition of barrier integrity (56) and through inhi-
bition of surfactant production (66). These changes would be ex-
pected to favor alveolar collapse and edema formation in late-
stage disease and, potentially, Bacillus anthracis escape from the
alveoli in early stages of the illness.

MATERIALS AND METHODS

Isolation of primary pneumocytes. (i) Digestion. Human lung was ob-
tained from the National Disease Research Interchange (NDRI; Philadel-
phia, PA) or the International Institute for the Advancement of Medicine
(ITAM; Jessup, PA) under a protocol approved by the University of Okla-
homa Health Sciences Institutional Review Board. One lobe was perfused
with 2 liters Plasma-Lyte A injection (Baxter Healthcare Corp., Deerfield,
IL), lavaged with normal saline containing 100 Kunitz units (KU) of crude
DNase from bovine pancreas (Sigma-Aldrich Co., St. Louis, MO) per mg
protein. Tissue was digested with 8 U/ml porcine elastase (Worthington
Biochemical Corp, Lakewood, NJ) and 150 KU/ml DNase in Hanks bal-
anced salt solution (HBSS) without Ca®", Mg“, or phenol red (Med-
iatech, Inc., Manassas, VA). Following digestion, enzymes were inacti-
vated by addition of HyClone fetal bovine serum (FBS) (Thermo Fisher
Scientific, Inc., Waltham, MA) and 0.42% (wt/vol) DNase. The softened
tissue was minced, and the slurry was passed sequentially through 1-ply
gauze, 2-ply gauze, 150-pwm mesh (Small Parts, Inc., Logansport, IN), and
30-pwm mesh (17, 20, 24, 63).

(ii) Enrichment. Following concentration in Dulbecco’s modified Ea-
gle medium (DMEM) containing 150 pg/ml DNase, cells were panned for
60 min at 37°C in flasks coated with human IgG. Unattached cells were
pelleted and resuspended in DMEM-DNase solution and purified by a
Percoll gradient (GE Healthcare Biosciences, Piscataway, NJ) formed by
centrifugation of two layers with p values of 1.040 and 1.089. The predom-
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inant band was negatively selected against CD45" Dynabeads (Invitrogen
Corp., Carlsbad, CA) (12, 49). The average yield was 57 X 10° live, single
cells with 91% viability. The identity of freshly isolated AEC II was iden-
tified by a modified Papanicolaou stain that colored lamellar bodies blue
(12, 30).

(iii) Culture. AEC were cultured on BioCoat plates (BD Biosciences,
Franklin Lakes, NJ) at 37°C, 5% CO,, in a humidified tissue culture incu-
bator in growth medium consisting of DMEM, 10% FBS, 1% solution of
penicillin/streptomycin/amphotericin B (Mediatech, Inc., Manassas,
VA), 5 ng/liter vancomycin, and 10 pg/liter ceftazidime (both from Sig-
ma-Aldrich Co., St. Louis, MO). The medium was changed every 2 days.
Cells were plated from 10 to 75,000 per cm? on polypropylene dishes
coated with 7.5 pg/cm? rat tail collagen, type I (Sigma-Aldrich Co., St.
Louis, MO), and 5 pLg/cm2 fibronectin or on BioCoat plates with similar
extracellular matrix (ECM). Cell density was optimized to drive differen-
tiation toward a type I or type II phenotype and required additional ad-
justment with various culture plate sizes. Depending on the application,
cells were harvested by scraping treatment with 10 U/cm? dispase or Cell-
stripper (Mediatech, Inc., Manassas, VA) or fixed in situ for microscopy
with 4% paraformaldehyde.

Freshly cultured cells were used for all experiments because freezing,
storage, and thawing led to low recovery of viable cells. Cells were, there-
fore, limited in quantity, and the number of experimental conditions that
were able to be performed for each trial was constrained.

Challenge with anthrax toxin or MEK pathway inhibitors. At indi-
cated time points, cultured cells were treated with fresh medium contain-
ing 2 pg/ml PA or 2 pug/ml LT (2 pg/ml PA plus 2 pg/ml LF), both from
List Biological Laboratories, Inc., Campbell, CA. An equal volume of dil-
uent was used as a negative control. Duration of treatment was 24, 72, or
144 h or as indicated. The final concentrations of the chemical inhibitors
were 50 WM U0126 (suppresses the extracellular signal-regulated kinase
[ERK] pathway), 50 wM SB203580 (suppresses p38), and 50 puM
SP600125 (suppresses the Jun N-terminal protein kinase [JNK]), all from
Sigma-Aldrich Co., St. Louis, MO. An equal volume of treatment diluent
was used as a negative control. Duration of treatment varied from several
hours to several days or was as indicated.

Flow cytometry. Cells were prepared for flow cytometry as previously
described (16, 24, 57). Secondary antibodies varied by fluorescent tag and
were purchased from the same vendor as the corresponding primary an-
tibodies when possible. AEC stained with annexin conjugates were used
for compensation. Data were collected on a Becton Dickinson FACS-
Calibur cytometer by CellQuest Pro software and reduced by Flow]Jo anal-
ysis software, v. 7.2.5 (Tree Star, Inc., Ashland, OR).

Freshly isolated cells or those treated in culture were fluorescently
stained by antibodies against the following surface markers: for character-
ization, rabbit a-human P2X7-FITC IgG (Sigma-Aldrich Co., St. Louis,
MO), rabbit a-human P2X7 IgG (Santa Cruz Biotechnology Inc., Santa
Cruz, CA), goat a-human GABA, R IgG, and rabbit a-human GABA
R IgG (both from Abcam, San Francisco, CA) (13); for efficiency of
isolation, mouse a-human CD45-FITC IgG1 k (clone H130) (13) (Bec-
ton, Dickinson, and Company, Franklin Lakes, NJ), mouse a-human
CD31-PE IgGl1 k (clone L133.1; BD Biosciences), and mouse a-human
Vimentin-PE IgG1 (clone RV202; Santa Cruz Biotechnology Inc.); for
ANTXR, rabbit a-human TEM8 IgG (Abcam, San Francisco, CA) and
goat a-human CMG2 IgG (R&D Systems, Inc., Minneapolis, MN). Pro-
tective antigen binding was assessed using fluorescein isothiocyanate
(FITC)-labeled PA (List Biological Laboratories, Inc., Campbell, CA) fol-
lowing a 2.5-h incubation at 37°C. Isotype controls were normal rabbit
IgG-FITC (Sigma-Aldrich Co., St. Louis, MO), rabbit F(ab’)2 IgG (Ab-
cam, San Francisco, CA), normal goat IgG (R&D Systems, Inc., Minne-
apolis, MN), normal mouse IgG1-PE (Santa Cruz Biotechnology Inc.),
and mouse IgG1 k conjugated with FITC or phycoerythrin (PE) (both
clone MOPC-21; BD Biosciences). The positive controls for AEC markers
were Jurkat cells labeled with rabbit a-human P2X7-FITC IgG (Sigma-
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Aldrich) and pancreatic ductal adenocarcinoma cells (PL-45) labeled with
goat a-human GABA , R IgG (Abcam).

Immunofluorescent staining. Except for early-culture a-human
P2X7-FITC staining, all experiments were done on freshly isolated AEC
that had been kept at least 10 days (late culture) in plasticware coated with
ECM substrate before being fluorescently labeled with conjugated anti-
bodies as previously described (20, 60). Briefly, cells were fixed in situ with
4% paraformaldehyde and then permeabilized with 0.1% Triton X-100.
Following 3 5-min washes with phosphate-buffered saline plus 0.1% Tri-
ton X-100 (PBST), cells were blocked 60 min at room temperature with 2
pg/pl human IgG or PBST plus 10% FBS and 1% bovine serum albumin
(BSA). Primary antibodies or isotype controls were diluted in the wash
solution and incubated with the cells for 60 min at room temperature in a
closed humidified container. Secondary antibody staining was performed
similarly. The final washes were with PBS and 10% FBS. DAPI (4’,6-
diamidino-2-phenylindole) was used as a nuclear counterstain. ProLong
Gold antifade reagent (Invitrogen Corp., Carlsbad, CA) was added to
protect the signal, and the wells were visualized on an Olympus BX51
fluorescence microscope (Olympus America Inc., Center Valley, PA).

(i) Characterization. On the sixth day after plating, the following an-
tibodies were used to help distinguish early-culture from late-culture phe-
notypes: primary rabbit a-human P2X7-FITC IgG (Sigma-Aldrich Co.),
rabbit a-human P2X7 IgG (Santa Cruz Biotechnology Inc.), secondary
donkey a-rabbit IgG (Invitrogen Corp., Carlsbad, CA), and normal rabbit
IgG (Santa Cruz Biotechnology Inc.) for the isotype control.

(ii) Actin organization. Cells were maintained in culture until day 14
in 12-well BioCoat plates. Duplicate wells were fed with fresh medium
containing dimethyl sulfoxide (DMSO) diluent (NT), 2 pwg/ml LT, a 50
M mixture of the mitogen-activated protein kinase kinase (MAPKK;
MEK) inhibitors UO126, SB203580, and SP600125. Treatment continued
for 24, 72, or 144 h without a subsequent medium change. F-actin in the
wells was immunofluorescently visualized with phalloidin-Alexa Fluor
555 (Invitrogen Corp.) (48).

(iii) Tight junction and adherens junction stability. Day 14 AEC cul-
tures were treated for 24, 72, or 144 h with either H,O diluent (NT) or 2
pg/ml LT. Two NT and 2 LT wells at each time point were labeled as
described above with the following antibodies, all from Invitrogen Corp.:
mouse a-human ZO-1 IgG (clone ZOI1-1A12), mouse a-human
B-catenin IgG (clone CAT-5H10), mouse a-human E-cadherin IgG
(clone HECD-1), and Alexa Fluor 555-conjugated donkey a-mouse IgG.
The medium was not changed after addition of the treatment.

Transmission electron microscopy (TEM). To visualize the lamellar
bodies in AEC, fresh cells plated into coated 60-mm polypropylene dishes
were grown for 5 days before treatment with PA (2 pg/ml) or LT (2
pg/ml) for 72 h. To observe tight junction formation, cells grown for 14
days in 6-well BioCoat plates were also treated for an additional 72 h. After
washing with 0.1 M sodium cacodylate-HCI buffer, pH 7.4, monolayers
were fixed in buffer with 2% glutaraldehyde for 40 min at 4°C, followed by
3 wash/fix cycles for 10 min each at 4°C. Cells were prepared for electron
microscopy (EM) as described previously (37). Briefly, samples were post-
fixed for 10 min with 1% OsO, in cacodylate buffer, washed in the same
buffer, treated with 1% tannic acid in 0.05 M cacodylate buffer for 30 min,
and rinsed with 0.05 M cacodylate buffer containing 1% Na,SO,. Cells
were scraped off the plastic, dehydrated as pellets in a graded series of
ethanol solutions, and embedded in epoxy resin. The sections were briefly
stained with uranyl acetate and lead citrate and examined with a Hitachi
H-7600 electron microscope (Hitachi High Technologies America, Inc.
Schaumburg, IL).

Transepithelial electrical resistance (TER). Barrier integrity of con-
fluent AEC monolayers was determined by the electric cell substrate im-
pedance-sensing (ECIS) system 1600R from Applied BioPhysics Inc.,
Troy, NY. Cells were plated at 50,000/cm? into two 8-well 0.8-cm?*/well
polystyrene culture arrays. Each well contained a 250-m-diameter mi-
croelectrode that enabled measurement of the resistance in ohms created
by the monolayer during growth and treatment. Prior to inoculation, the
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wells were coated with 250 pl/cm? 10 mM L-cysteine and 5 wg/cm? human
fibronectin. On days 4 to 6, culture impedance of each well was measured
at 2,000, 4,000, and 8,000 Hz alternating current (AC) (25). The point of
confluence for each well was determined to be reached when the resistance
remained constant for at least 8 h, usually at days 10 to 13. Treatments
consisted of 2 pg/ml PA, 2 pug/ml LT, 10 wM staurosporine (Enzo
Biochem, New York, NY) as a positive control, or no treatment and con-
tinued for 140 to 144 h beyond confluence. Arrays were recovered and
immunofluorescently stained with a-human ZO-1 and DAPI (22).

Quantitative reverse transcription-PCR (qQRT-PCR). Triplicate wells
of a day 13 culture were treated with fresh medium containing DMSO
diluent (NT), 2 pg/ml LT, or a 50 WM concentration of a mixture of the
MEK inhibitors UO126, SB203580, and SP600125 for 3, 10, or 24 h. Wells
were washed 2X with PBS and then harvested with the chaotropic salt-
containing RLT buffer from the RNeasy Micro RNA isolation and purifi-
cation kit (Qiagen Inc., Valencia, CA). The final quantity and quality of
RNA from the lysates were determined by a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies Inc., Wilmington, DE) measure-
ment. The average yield of total RNA from a single well of a 6-well plate
inoculated with 20,000/cm? was 4.9 p.g * 0.6 pg.

One microgram of RNA was used for reverse transcription by Super-
Script I First-Strand Synthesis Supermix (Invitrogen, Inc.). The reaction
plates were assembled by a Corbett, Inc. (San Francisco, CA), robot. The
qPCR was performed on a Stratagene MX3005p (Agilent Technologies, La
Jolla, CA). Efficiencies were determined using the standard curve method
with 5-fold dilutions via the Stratagene MXpro software (v. 4.10). The
data were imported into GenEx (v. 5.4.0.512; MultiD Analyses AB, Gote-
borg, Sweden). Preprocessing included normalization against ribosomal
protein, large, PO.

Phospholipid measurement. At day 4 of culture, AEC were left un-
treated, exposed to stimulant diluent as a negative control, or treated with
LT (2 pg/ml) or PA (2 pg/ml). Phorbol 12-myristate 13-acetate (PMA; 50
ng/ml) was used as the positive control and high-dose dexamethasone (1
M) was used as the negative control for surfactant production. Cell-free
culture supernatants and cells were harvested on day 7. Cells were homog-
enized in a buffer consisting of 5 mM Tris-HCI, pH 7.5, 10 pg/ml pepsta-
tin A (Sigma), 10 pg/ml leupeptin hemisulfate salt (Sigma), and 0.9 mM
phenylmethanesulfonyl fluoride (Sigma). Cells were disrupted by a Vibra-
Cell sonicator (Sonics and Materials, Inc., Newtown, CT) for 20 s at 25%
power and stored at —80°C. Surfactant lipids were extracted from cell-free
culture supernatants as described by Bligh and Dyer (5).

Phospholipid content was then determined in lipid extracts using the
method of Stewart (55) against dipalmitoylphosphatidylcholine (DPPC)
(Avanti Polar Lipids Inc., Alabaster, AL) standard solutions. Briefly, the
lipid extracts and DPPC standard solutions were dried under compressed
nitrogen gas and then dissolved in chloroform and mixed with 1 ml 2.7%
ferric chloride and 3% ammonium thiocyanate in glass tubes. The mix-
ture was vortexed for 1 min and centrifuged at 83 X g for 5 min. The
bottom red layer of phospholipids and the ammonium ferrothiocyanate
complex were collected, and absorbance was read at 488 nm. The phos-
pholipid level in each culture supernatant was normalized to the protein
concentration of its total cell lysate as measured by the bicinchoninic acid
(BCA) protein assay microkit (Pierce, Thermo Fisher Scientific, In., Wal-
tham, MA) against the bovine serum albumin (BSA) standard protein.

Isolation of human alveolar macrophages. Human alveolar macro-
phages (HAM) were obtained by lavage of nontransplantable human lung
with sterile normal saline. Cells were pelleted at 500 X g for 5 min and
resuspended in sterile PBS. Viability was determined by trypan blue ex-
clusion, total cell yield was determined by hemacytometer, and cell differ-
ential was determined by Diff-Quick staining (Baxter, Miami, FL). The
cells obtained were >95% macrophages and were >90% viable. Alterna-
tively, HAM were obtained by bronchoscopy with the signed informed
consent of healthy human volunteers according to a protocol approved by
the Oklahoma University Health Sciences Center Institutional Review
Board and the Institutional Biosafety Committee as previously described

Infection and Immunity


http://iai.asm.org

(11, 64). HAM were collected in sterile saline solution and washed in
sterile PBS. The cells from both collection methods were resuspended in
sterile PBS to a final concentration of 2 X 10° macrophages/ml. After
isolation of the HAM, cell lysates were prepared immediately for subse-
quent anthrax toxin receptor quantitation by immunoblotting.

Protein immunoblotting. The junctional proteins, ZO-1, E-cadherin,
and B-catenin, the desmosomal proteins, desmoplakin 1/2 and plakoglo-
bin (y-catenin), tumor endothelial marker 8 (TEM8)/ANTXR1, CMG2/
ANTXR2, and MEK cleavage were assessed by a Western immunoblot.
After 10 to 21 days in culture, the AEC were harvested for ANTXR deter-
mination or exposed to LT or to PA as described above. For MEK cleavage,
AEC were exposed to LT in fresh medium for 24 h; for junction proteins,
AEC were incubated with LT in fresh medium for 24, 48, 72 and 144 h; for
desmosomal proteins, AEC were incubated with LT or PA in fresh me-
dium for 24 and 72 h. Negative-control cells were exposed to an equivalent
volume of sterile LT-free diluent. For all determinations, the AEC were
harvested and lysed in 250 pl/well cold RIPA lysis buffer (150 mM NaCl,
50 mM Tris, pH 7.5, 10 mM EDTA, 10 mM EGTA, 1% Triton X-100, 0.5%
Na deoxycholate, 0.1% SDS, 0.5 pM microcystin LR, 1.0 mM phenyl-
methylsulfonyl fluoride [PMSF], 5 pg/ml aprotinin, and 5 pg/ml leupep-
tin). For ANTXR protein determination, HAM were prepared as de-
scribed above and lysed in cold RIPA lysis buffer. The total protein
concentration of the clarified lysates was measured by a BCA assay (Pierce,
ThermoFisher, Rockford, IL), and the lysates were stored at —20°C. AEC
and HAM lysates containing 5 to 30 pg lysate protein were mixed with
SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer (60 mM
Tris, pH 6.8, 10% glycerol, 2.3% SDS) and heated to 95°C for 5 min. For
ANTXR blots, immunogen standards for CMG2 protein (R&D Systems,
Inc., Minneapolis, MN) and TEMS8 protein (Abcam, Cambridge, MA)
were used. The samples were separated by SDS-PAGE on 4% to 20%
gradient gels (Bio-Rad Laboratories., Hercules, CA), and the separated
proteins were electrophoretically transferred onto 0.2-pwm-pore-size
polyvinylidene fluoride (PVDF) membranes (Westran S; Whatman PLC,
Maidstone, Kent, United Kingdom). The membranes were treated with
blocking buffer (5% powdered milk in TBS) for at least 1 h and probed
overnight at 4°C with primary antibodies diluted in blocking buffer. The
following primary antibodies were used: rabbit «-MEK1 (Upstate/Millipore,
Billerica, MA), rabbit a-MEK2 (Santa Cruz Biotechnology Inc., Santa Cruz,
CA), rabbit a-MEK3 (Santa Cruz Biotechnology Inc.), rabbit a-MEK4 (Santa
Cruz Biotechnology Inc.), rabbit a-MEK7 (Abcam), goat a-CMG-2 (R&D
Systems), rabbit a-TEM-8 (Abcam), rabbit a-ZO-1 (Invitrogen Corp., Carls-
bad, CA), mouse a-B3-catenin (CAT-5H10; Invitrogen Corp.), mouse a-E-
cadherin (4A-2C7; Invitrogen Corp.), rabbit a-desmoplakin 1 and 2 (Ab-
cam), mouse a-plakoglobin (y-catenin; 4C12, Abcam), and mouse a-Actin
(ACTNOS5, Abcam). The membranes were developed with horseradish per-
oxidase-conjugated, species-specific a-IgG secondary antibodies and chemi-
luminescent reagents (ECL Plus; Amersham/GE health care, Piscataway, NJ).
The following secondary antibodies were used: goat a-rabbit IgG (Cell Sig-
naling Technology, Danvers, MA), horse a-mouse IgG (Cell Signaling Tech-
nology), and donkey a-goat IgG (Jackson ImmunoResearch, West Grove,
PA). The developed membranes were documented with a charge-coupled
device (CCD) digital camera and controlling software, and the blot images
were digitally quantified (G:Box Chemi with GeneSnap and GeneTools
and ImageQuant software; Syngene, Synoptics Ltd., Cambridge, United
Kingdom).

Propidium iodide viability assay. After various culture periods, as
shown in Table 1, LT (2 pg/ml) or medium alone was added to AEC
cultured as described above and incubated for various periods from 3 to
66 h. Cells were harvested by collecting supernatants before adding 0.5 ml
prewarmed collagenase (2 mg/ml in 1X PBS) to the wells. The plates were
incubated in a tissue culture incubator for 25 min to allow cells to detach.
Detached cells were collected and added to supernatants. Wells were
washed with 2.5 ml PBS, and the wash was added to the collected cells.
Cells were centrifuged at 200 X g for 5 min and resuspended in 0.3 ml
buffer and placed on ice. Immediately before evaluation by flow cytom-
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TABLE 1 Effect of LT (2 pg/ml) treatment on AEC viability

No. of culture Fold difference in
days before LT exposure no. of live cells

Lung® LT exposure time (h) (LT/control)”

A 2 3 1.1

B 2 6 0.81

A 2 24 1

A 2 48 0.96

A 5 3 0.96

B 5 3 0.9

B 6 3 1

A 8 3 1

A 8 50 0.98

A 9 66 0.97

B 14 48 1

@ Results are from 2 separate lung donor preparations.
b A total of 1 to 2 replicates were used for each trial. Ratio of cells excluding PI in the
LT-treated condition to control cells.

etry, propidium iodide (PI) was added with vortexing to a final concen-
tration of 1.25 pug/ml. Percent viability was determined as the percentage
of cells that excluded PI.

Mitochondrial dehydrogenase activity. After 14 days in culture, LT
(2 pg/ml), PA (2 pg/ml), staurosporine (10 wM) (Enzo Life Sciences,
Plymouth Meeting, PA), or medium only was added to AEC cultured as
described above. The plates were incubated in a tissue culture incubator at
37°C for 24, 48, 72, 96, or 144 h. Each well then received 10 pl of Cell
Counting Kit-8 solution (Dojindo, Rockville, MD), and the plates were
incubated in a tissue culture incubator at 37°C for 2 h. The optical density
at 450 nm (OD,s,) of the wells was determined using a Vmax kinetic
microplate reader (Molecular Devices, Sunnyvale, CA) and SoftMax Pro
software v. 3 (Molecular Devices). Percent dehydrogenase activity for
each treatment was calculated by expressing the OD,5, of the toxin-
treated wells as a percentage of the OD,5,, of the untreated wells.

Lactate dehydrogenase viability assay. After 14 days in culture, LT (2
pg/ml), staurosporine (10 uM) (Enzo Life Sciences, Plymouth Meeting,
PA), or medium only was added to AEC cultured as described above. The
plates were incubated in a tissue culture incubator at 37°C for 24, 48, 72,
96, or 144 h. Lactate dehydrogenase (LDH) activity was measured using
the LDH cytotoxicity assay kit (BioVision) at an absorbance of 490 nm
(Vmax kinetic microplate reader; Molecular Devices, Sunnyvale, CA).

Statistical analysis. Where applicable, the data are expressed as the
means and standard errors of the means (SEM). Statistical significance
was determined by one-way analysis of variance (ANOVA) with the Bon-
ferroni post hoc correction for multiple comparisons. A P value of <0.05
was considered significant (36, 67).

RESULTS
Highly purified AECII differentiate into AEC I-like cells during
the first 14 days in culture. Previous reports describe the isola-
tion, culture, and characterization of human AEC (17, 20, 24, 63).
We modified these methods to isolate AEC of sufficient purity and
to establish cultures that were predominantly AEC I or AEC1, as
determined by differentiation markers and phenotypic character-
istics under different culture conditions. This allowed us to test the
effects of LT on both AEC barrier function, which is predomi-
nantly a function of AEC I, and surfactant production, which is
predominantly a function of AEC II. We found that cultures of 5
days or less exhibited AEC II-like characteristics, while cells cul-
tured 14 days or longer clearly exhibited AEC I-like features.
Isolation of human AEC is known to result in an initial culture
consisting mainly of surfactant-producing AEC II cells, which dif-
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ferentiate to the AEC I phenotype in culture (60). We found this to
be the case in our human AEC preparations as well. We purified
human AEC using standard methods (17, 20, 24) with modifica-
tions as described. Culturing these cells on collagen and fibronec-
tin-coated tissue culture plates at 25,000 cells/cm” produced a
confluent or nearly confluent culture in 10 to 14 days (Fig. 1A).

To characterize the cultured AEC, we performed serial studies
to assess surfactant-containing inclusion bodies and expression of
the tight junction component zonula occludens-1 (ZO-1). As ex-
pected, lamellar bodies indicative of an AEC II surfactant-produc-
ing phenotype were easily identified in almost all AEC immedi-
ately after isolation (Fig. 1B) and were markedly decreased by day
14 of culture. This was accompanied by a change in morphology
from a cuboidal, AEC II morphology to a flat, AEC I-like appear-
ance (Fig. 1C), consistent with previous reports (60). Also noted
during the morphological change to the AEC I-like phenotype was
increased expression of the tight junction protein ZO-1 (Fig. 1C).

Expression of surface markers of AEC differentiation was as-
sessed by flow cytometry for the y-aminobutyric acid receptor, pi
subunit (GABA, Rw), and the purinergic receptor P2X7. These
receptors were previously shown to be expressed primarily in rat
AECII (GABA, Rm) or AECI (P2X7) (13).

P2X7 was expressed by 49.5% of freshly isolated cells (Fig. 1D
and E), though, as expected, 80% of cells expressed the AEC I
marker P2X7 by day 6 of culture (Fig. 1F), consistent with AEC
I-like differentiation. GABA , R expression was low (mean, 5%)
during the entire culture period (Fig. 1D and G). Thus, the GABA
R was uninformative as a marker for differentiation of human
AEC. As expected, expression of the nonepithelial markers CD31,
CD45, and vimentin was low (=3% of cells), demonstrating min-
imal contamination with endothelial, leukocyte, and fibroblast
cell types, respectively. For the most part, these results were similar
to those reported for isolation of AEC from other species except
rat, for which GABA 4 R is an informative differentiation marker
and in which there is no P2X7 expression in the lamellar body-
containing AEC II phenotype (13). These findings demonstrate
that we successfully isolated and cultured human AEC II and that
these cells differentiated to AEC I-like cells in culture.

In subsequent experiments described below, we studied AEC
following isolation and culture for different times prior to use.
Early-culture AEC were cultured for approximately 5 days in or-
der to study the effects of LT on surfactant production in a pri-
marily type Il AEC phenotype. Late-culture AEC were cultured for
approximately 14 to 21 days until near confluence to study LT
effects on barrier function and tight junction formation in type
I-like AEC.

Exposure of AEC to LT causes actin rearrangement, reduced
expression of junction protein genes, and decreased epithelial
barrier function. AEC I, which emerge in late cultures, are the
predominant cell type forming the alveolar epithelial barrier and
junctions in vivo. Late cultures of these cells at or near confluence
were exposed to LT (2 pg/ml) for 24 to 144 h. The dose of LT was
selected on the basis of previous studies of LT cytotoxicity in vitro
and in vivo. We have shown that HAM are relatively resistant to LT
up to doses of 1 to 5 wg/ml (64). In contrast, primary human
bronchial epithelial cells are sensitive to LT at a dose of 1 pg/ml
(32). The in vivo 50% lethal dose (LDs,) for mice is 12.5 ug of PA
and 2.5 pg of LF administered intravenously (i.v.) (21). When
corrected for the estimated blood volume of the animals used, this
isequal to 7.8 g PA and 1.6 g LF per ml of blood (4). Taking into
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FIG 1 Isolation and culture of AEC. (A) Freshly isolated cells were plated at
50,000 live cells/cm®. After 10 to 14 days in culture, the cells were 95 to 100%
confluent. Bar = 250 wm. (B) Freshly isolated AEC have lamellar bodies evident as
blue inclusions when stained with Harris hematoxylin. Bar = 25 pum. (C) At 10
days in culture, cells showed an increase in diameter, were confluent in areas,
exhibited an AEC I-like morphology, and stained positive for the tight junction
protein ZO-1. A representative field is shown with ZO-1 stained using a-human
Z0-1 (green) and DNA stained with DAPI (blue). Bar = 100 wm. (D) Within the
first 24 h after isolation, 4.1% of AEC expressed GABA , R and 49.5% expressed
P2X7, as determined by flow cytometry analysis of cells stained with a-human
GABA, Rw, a-human P2X7, or isotype control antibody. Data shown are the
results from one donor preparation and are expressed as the means = SEM. Sim-
ilar results were obtained from a second donor preparation. (E) Representative
flow cytometry histogram of P2X7-positive AEC, day 0. Dotted line, unlabeled
cells; dashed line, species-specific negative-control IgG; solid line, marker. (F) At 6
days in culture, immunofluorescent staining with a-human P2X7 determined
that 80% of cells were positive for P2X7. A representative field is shown with P2X7
stained by a-human P2X7 (red) and DNA stained with DAPI (blue). Bar = 100
wm. (G) Representative flow cytometry histogram of GABA,, Rr-positive AEC,
day 0. Dotted line, unlabeled cells; dashed line, species-specific negative-control
IgG; solid line, marker.

consideration this information, we performed our experiments
with 2 ug/ml LT, defined as 2 pg/ml LF and 2 pg/ml PA.

At 24 h of LT treatment, actin fibers in some of the LT-exposed
AEC appeared elongated and thickened compared to those in un-
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144 h

FIG 2 AEC respond to LT and the signal pathway inhibitors UO126,
SB203580, and SP600125 by rearranging actin. Late-culture AEC were exposed
to 2 pg/ml LT (D, E, and F), MAPK pathway inhibitors (MI; 50 WM each) (G,
H, and I), or diluent (NT) (A, B, and C) for 24, 72, and 144 h. AEC were fixed
and stained with phalloidin-Alexa Fluor 555 (red) and DAPI (blue) and visu-
alized by fluorescence microscopy. Data shown are representative of replicate
experiments on two donor preparations. Bar = 250 pm.

treated AEC, as determined by immunohistochemistry using
phalloidin-Alexa Fluor 555 (Fig. 2D). In addition, the pattern of
fibers changed from being concentrated around the periphery of
the cell to being more evenly distributed within the cell. This in-
volved the majority of cells by 144 h of exposure (Fig. 2F). Inhibi-
tion of MAPK signaling pathways by cleavage of the MEK compo-
nent is a known effect of LT. To determine whether inhibition of
these pathways by LT may be responsible for the effects seen on
actin fibers, we exposed AEC to a 50 M mixture of chemical
inhibitors of the three MAPK pathways for 24 to 144 h. U0126,
SB03580, and SP600125 were used to inhibit the ERK, p38, and
stress-activated protein kinase (SAPK)/JNK pathways, respec-
tively. By 24 h of exposure, the MAPK pathway inhibitors caused
actin rearrangement with stress fiber formation in a majority of
the AEC (Fig. 2G). At subsequent times, severe cytotoxicity with
disruption of the monolayer occurred (Fig. 2H and I). The find-
ings demonstrate that LT exposure causes actin rearrangement in
human AEC and are consistent with LT-induced MAPK pathway
inhibition as a potential mechanism.

Actin supports junction complex structure in epithelial cells
(28). We next examined whether the LT-induced actin rearrange-
ment seen in AEC was accompanied by altered expression of junc-
tion proteins. Late-culture AEC were exposed to LT (2 wg/ml) for
24 to 144 h, and expression of the junction proteins ZO-1, E-
cadherin, and B-catenin was determined by Western immuno-
blotting. LT exposure of AEC reduced expression of all three junc-
tion proteins. ZO-1 was reduced by 1.7-, 2.3-, 2.1-, and 1.8-fold at
24,48,72,and 144 h of LT treatment, respectively, and E-cadherin
was reduced by 1.5-, 2.6-, 3.6-, and 1.6-fold at these time periods,
respectively. Finally, B-catenin expression was reduced by 1.2-,
1.4-, 1.9-, and 1.4-fold at these times, respectively (Fig. 3A).
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We next examined whether the effect of LT on junction protein
gene expression occurs at the level of transcription and whether it
may be due to inhibition of MAPK. AEC were exposed to LT or the
mixture of the three MAPK pathway inhibitors for 3 to 24 h, and
Z0O-1, E-cadherin, and -catenin mRNA levels were measured by
qRT-PCR (Fig. 3B). At 3 h, both LT and the MAPK inhibitors
appeared to increase endogenous mRNA levels of the junction
proteins, though induction of E-cadherin and B-catenin by
MAPK inhibitors did not reach statistical significance. However,
by 24 h of exposure, MAPK inhibition, but not LT exposure, sig-
nificantly decreased mRNA levels of the 3 junction protein genes
by 2- to 4-fold (P value of <0.001 versus untreated cells), consis-
tent with downregulation at the level of transcription (Fig. 3B). LT
induction of ZO-1 and B-catenin mRNA was 1.5- and 1.7-fold
over that of control cells (P values of <0.05 and <0.001, respec-
tively), while E-cadherin was unaffected by LT at this time point.
The divergent effects of LT and the MAPK inhibitors on junction
protein gene mRNA levels suggest that downregulation of junc-
tion protein genes cannot be solely ascribed to LT-mediated
MAPK inhibition of transcription.

As LT exposure caused actin rearrangement and decreased
tight junction protein expression, we next measured transepithe-
lial electrical resistance (TER) to determine whether LT exposure
also resulted in physiologic alterations in barrier function in late-
culture AEC. Using an electric cell substrate impedance-sensing
system (25), we cultured AEC until confluence, as evidenced by
stabilization of electrical resistance. We then added LT (2 pg/ml)
and measured TER for 6 days (Fig. 3C). Staurosporine (10 uM)
was used as a positive control. All treatments were added with
fresh medium, which is known to transiently increase TER. After 2
days of treatment, we began to observe a decrease in TER in the
LT-treated wells. At 6 days, LT significantly impaired barrier func-
tion compared to that of untreated cells cultured for the same
period. LT decreased TER by 38% = 4% from baseline (P value of
<0.05 versus untreated cells) (Fig. 3D). As expected, stauro-
sporine also decreased TER significantly (84% = 3% from base-
line; P value of <0.001 versus untreated cells). This decrease in
TER is consistent with the loss of junction protein expression de-
scribed above and with the observed changes in F-actin morphol-
ogy. Although TER declined, cells in LT-treated cultures remained
adherent and confluent throughout the experimental period, as
evidenced by the visualization of cultures at the end of the exper-
iment, compared to untreated control cultures and cells in cul-
tures treated with staurosporine to induce apoptosis (Fig. 3E). We
concluded that LT exposure reduced AEC barrier function and
that this effect was not due to cytotoxicity with cellular detach-
ment.

Exposure of AEC to LT alters immunolocalization of junc-
tion proteins. Since LT impaired junction protein expression and
barrier function in AEC, we next examined whether LT affected
immunolocalization of these proteins. Late-culture AEC were ex-
posed to LT (2 wg/ml) for 24 to 144 h. Immunolocalization of the
junction proteins was performed using antibodies to ZO-1, E-
cadherin, and B-catenin and Alexa Fluor 555-conjugated second-
ary antibody. We found that LT exposure altered the immunolo-
calization pattern of all three junctional proteins. ZO-1 was evenly
distributed in the periphery of unexposed AEC at all time points.
In contrast, LT resulted in eccentric peripheral distribution of this
protein after 144 h of exposure (Fig. 4A to F). In control cells,
E-cadherin was distributed in an even, well-defined, peripheral
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FIG 3 AEC respond to LT by reducing the quantity of tight junction proteins
and decreasing epithelial barrier function. (A) Western blot analysis was used
to determine the relative amounts of ZO-1, 3-catenin, E-cadherin, and actin in
lysates of cultured AEC treated with LT (2 pg/ml) for 24, 48, 72, and 144 h or
untreated. AEC were cultured for 21 days and treated with LT. Data shown are
representative of three separate experiments from 2 donor preparations. (B)
qRT-PCR was performed to analyze the levels of junction protein mRNA after
treatment with LT and MEK inhibitors. Late-culture AEC were treated for 3,
10, and 24 h with LT (2 wg/ml), a combination of the signal pathway inhibitors
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lace-like structure visible at all time points. It appeared to be
present at areas of cell-cell contact. LT exposure resulted in a
loss of both the fine detail and the demarcation from the clearer
cytoplasm by 72 h of exposure that persisted at 144 h (Fig. 4G to
L). The appearance of B-catenin in normal cells was similar to
that for E-cadherin in that it was well demarcated, was evenly
distributed in the periphery of cells, had a lace-like pattern, and
appeared to be present at sites of cell-cell contact. LT exposure
also caused a loss of the fine detail, a clear demarcation, and a
peripheral distribution of B-catenin after 72 h of exposure that
persisted at 144 h (Fig. 4M to R). We concluded that intracel-
lular distribution and fine structure of ZO-1, E-cadherin, and
B-catenin are altered by LT in AEC.

Exposure of AEC to toxins alters intercellular junction mor-
phology. Our findings of reduced barrier function and junction
proteins suggest that LT likely affects formation of the intercel-
lular junctions responsible for barrier function. We therefore
examined intercellular junction morphology by transmission
electron microscopy (TEM) of LT-treated AEC. Late-culture,
nearly confluent AEC were treated with diluent, LT (2 pg/ml),
or PA (2 pg/ml) for 72 h, and cells were prepared for TEM.
Long junctional complexes with desmosomes and extensive
contacts were readily observed in untreated AEC (Fig. 5A). In
PA-treated AEC, junctions had extensive contacts but lacked
desmosomes (Fig. 5B). In LT-treated AEC, junctions were
shorter and were less elaborated than those in the untreated
AEC and also lacked desmosomes (Fig. 5C).

Exposure of AEC to Bacillus anthracis toxins and MAPK in-
hibitors downregulates desmosomal protein gene expression.
In order to confirm the TEM findings and to determine whether
the loss of desmosomes due to toxins may be due to downregula-
tion of the constituent desmosomal proteins, we measured ex-
pression of the desmosomal proteins desmoplakin (DP) and pla-
koglobin (PG) by Western blotting in AEC exposed to PA (2 g/
ml), LT (2 pg/ml), or diluent as described previously (43, 47).
Both PA and LT suppressed expression of DP and PG in AEC.
DP-1 was decreased 1.3-fold by LT treatment for 72 h and 2.1-fold
by PA treatment for 72 h. DP-2, a splice variant of DP-1 (43), was
decreased 1.4-fold by LT treatment for 24 and 72 h and decreased
1.9-fold by PA treatment for 72 h. Plakoglobin was decreased 1.3-
fold and 1.4-fold by LT treatment for 24 and 72 h, respectively,

UO0126, SB203580, and SP600125 (50 M each), or diluent. Relative quantities
of RNA for ZO-1, B-catenin (B-Cat), and E-cadherin (E-Cad) were deter-
mined for each treatment. Results indicate the mean fold increase or de-
crease = SEM of RNA in treated AEC from that in AEC treated with diluent. *,
P < 0.05 for the fold difference between treated and untreated cells; **, P <
0.001 for the fold difference between treated and untreated cells. Data repre-
sent three replicates. (C) To measure transepithelial electrical resistance
(TER), AEC were cultured on gold microelectrodes. Confluence was reached
after 6 days, as evidenced by stabilization of TER, and cultures were treated
with medium with LT (2 pg/ml), PA (2 pg/ml), staurosporine (Stauro.) (10
M), or no treatment. After equilibration, TER was measured for 140 h. Traces
show the resistance (R) in ohms for the 140 h after treatment, normalized to
the same starting R. Small dots, no treatment; large dots, PA; solid line, LT;
dots and dashes, staurosporine. (D) LT exposure decreased TER in AEC. The
graph depicts the mean R decrease = SEM versus untreated control AEC at 140
h posttreatment from 3 individuals, with 1 to 4 wells for each treatment. *, P
value of <0.05 for treated versus untreated cells; **, P value of <0.001 for
treated versus untreated cells. (E) AEC stained for actin (green) and DNA
(blue) after 144 h of treatment with medium, LT, or staurosporine and mea-
surement of TER. Bar = 250 pm.
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FIG 4 AEC respond to LT by destabilizing tight junctions. Late-culture AEC
were exposed to 2 pg/ml LT or diluent (NT) for 24, 72, or 144 h. AEC were
fixed and stained with anti-ZO-1 (A to F), anti-E-cadherin (G to L), or anti-
B-catenin (M to R) (red) and DAPI (blue) and visualized by fluorescence
microscopy. Data shown are representative of two replicates. Bar = 250 pm.

and decreased 1.7-fold by PA treatment for 72 h (Fig. 5D). We
then examined whether the effect of LT on desmosomal protein
genes occurs at the level of transcription and whether it may be
due to inhibition of MAPK. AEC were exposed to LT or the mix-
ture of inhibitors of the three MAPK pathway inhibitors U0126,
SB03580, and SP600125 for 3 to 24 h, and DP and PG mRNA levels
were measured by qRT-PCR. We chose the time of exposure based
on the fact that regulation at the mRNA level should precede al-
terations in translation. After an apparent transient initial stimu-
lation of endogenous mRNA levels of the desmosomal protein
genes, by 10 h of exposure, both LT and the MAPK inhibitors
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appeared to suppress endogenous mRNA levels of DP and PG,
though statistical significance was achieved only in cells exposed
to the chemical inhibitors (Fig. 5E) (P value of <0.05 versus un-
treated cells). By 24 h of exposure, suppression of mRNA levels of
PG and DP were further enhanced to a 1.5-fold suppression in
LT-exposed cells and a 4- to 6-fold suppression in cells exposed to
the MAPK inhibitors (Fig. 5E). In this case, suppression of PG by
LT was statistically significant (P value of <0.05 versus untreated
cells), as was suppression of mRNA levels of both desmosomal
protein genes by MAPK inhibitors (P value of <0.001 versus un-
treated cells). These changes in junction morphology, protein lev-
els, and RNA levels are consistent with, and are likely at least
partially responsible for, the loss of barrier function in AEC I ex-
posed to LT. As the patterns of suppression by LT and MAPK
inhibitors were similar, LT-mediated MAPK inhibition may play a
role in this process.

Exposure to LT decreases surfactant production in AEC II
and alters surfactant processing. Like reduced barrier function of
AEC ], decreased surfactant levels are a component of acute lung
injury (40, 50). Therefore, to assess whether LT exposure induced
signs of acute lung injury in addition to increased barrier perme-
ability, we examined cell-free AEC culture supernatants for se-
creted surfactant phospholipid using the method of Stewart (55)
(Fig. 6). We used early-culture AEC so that a significant number of
cells would be AEC II, the major source of surfactant in the lung
(16). Cells were untreated or treated with LT (2 pg/ml) or PA (2
pg/ml), and cellular surfactant levels were measured after 72 h. To
demonstrate that the cultured AEC were able to respond appro-
priately, they were also treated with high-dose dexamethasone
(Dex) (1 wM) to decrease surfactant or with phorbol myristate
(PMA) (50 ng/ml) to increase surfactant. As expected, high-dose
Dex suppressed and PMA induced surfactant production in AEC
(0.5-fold decrease and 1.4-fold increase, respectively; P value of
<0.05 in both comparisons). In the LT- and PA-treated cultures,
surfactant levels were decreased by 0.5-fold and 0.6-fold, respec-
tively (P value of <0.05 in both comparisons), suggesting that
treatment inhibited either surfactant production or surfactant ex-
port by AECII.

To evaluate the possibility that LT treatment altered surfactant
processing, we examined cellular morphology by electron micros-
copy. Early-culture AEC were left untreated or were treated with
LT (2 pg/ml) or PA (2 pg/ml) for 72 h. Cells were fixed in the
culture plate, harvested by scraping, and prepared for transmis-
sion electron microscopy (TEM) in order to evaluate the effect of
anthrax toxins on surfactant-containing lamellar bodies. In un-
treated cells, lamellar bodies consisted of concentrically coiled lay-
ers around a central core, a typical arrangement (Fig. 7A and B)
(24). In both LT- and PA-treated cells, there appeared to be fewer
lamellar bodies per cell, with alterations in lamellar body mor-
phology. The lamellar bodies had increased density in PA-treated
cells, and in LT-treated cells, the outer layers were disorganized
compared to untreated controls (Fig. 7C to F). In addition, after
LT and PA treatment, but not in untreated controls, lamellar bod-
ies were visible inside autophagolysosomes, suggesting dissolu-
tion (Fig. 7G to J). These results are consistent with the reduction
of extracellular surfactant observed in PA- and LT-treated AEC
cultures and may indicate aberrant surfactant processing in toxin-
treated cells.

AEC express the anthrax toxin receptors TEM8 and CMG2.
The alterations in actin structure, junction protein expression and
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FIG 5 Cell-cell contacts are disrupted by LT. Late-culture AEC were treated
with LT (2 wg/ml) or PA (2 wg/ml) for 72 h, fixed, harvested, and prepared for
TEM. Representative cell-cell contact images are shown. (A) Untreated AEC
had elaborate junctional complexes (arrows), including desmosomes (indi-
cated by the letter D). (B) PA-treated AEC had well-developed junctions (ar-
rows), which appeared normal except for the absence of desmosomes. (C)
LT-treated AEC lacked desmosomes and had shorter, less-elaborate junctional
complexes (arrows). Bar = 500 nm. (D) Western blot analysis was used to
determine the relative amounts of desmoplakin (DP-1/2), plakoglobin (PG),
and actin in lysates of cultured AEC treated with LT and PA. AEC were cul-
tured for 21 days and treated with LT (2 pg/ml) or PA (2 pg/ml) or untreated
(—) for 24 or 72 h. Data shown are representative of three replicates. (E)
qRT-PCR was performed to analyze the levels of desmosomal protein mRNA
after treatment with LT and MEK inhibitors. Late-culture AEC were treated
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FIG 6 LT decreases surfactant production in AEC. Early-culture AEC were
treated with LT (2 g/ml) for 72 h and harvested. Phorbol 12-myristate (PMA;
50 ng/ml) and dexamethasone (Dex; 1 M) were used as positive and negative
controls, respectively. Surfactant levels in supernatants were measured by a
phospholipid assay and normalized to protein content per sample. Data are
means * SEM of the results from 3 experiments on 3 separate individuals, with
2 to 4 trials for each treatment. ¥, P value of <0.05 versus untreated cells.

function, and surfactant production observed in this study show
that primary human AEC are sensitive to Bacillus anthracis LT. In
contrast, our previous work showed that primary human alveolar
macrophages (HAM) are resistant to LT and do not express func-
tional anthrax toxin receptors (64). To determine if the different
LT sensitivities of AEC and HAM may be due to differential ex-
pression of functional toxin receptors, we compared anthrax toxin
receptor expression in AEC and HAM.

Surface expression of anthrax toxin receptors was determined
by flow cytometry using antibodies to the known human anthrax
receptors tumor endothelial marker 8 (TEM8/ANTXR1) and cap-
illary morphogenesis protein 2 (CMG2/ANTXR2). AEC were
evaluated immediately after isolation (early cultures) and also af-
ter culturing for 14 to 21 days (late cultures) to assess receptor
expression in both AEC I and AEC II type cells. In early, predom-
inantly AEC 1II cultures, 8.1% of cells were positive for TEM8/
ANTXRI and 8.7% were positive for CMG2/ANTXR2 (Fig. 8A
and B). In late, primarily AEC I cultures, 52.7% of cells were pos-
itive for TEM8/ANTXRI and 65.5% were positive for CMG2/
ANTXR?2 (Fig. 8A and B).

In order to confirm anthrax receptor expression in AEC and to
semiquantitatively compare expression in AEC and HAM, an-
thrax receptor protein levels relative to recombinant protein
immunogen standards in late-culture AEC and in HAM were de-
termined by an immunoblot using o-TEM8/ANTRX1 and
a-CMG2/ANTXR2 antibodies (Fig. 8C) (64). CMG2/ANTXR2
expression was nearly undetectable in HAM, and a 55-kDa iso-
form was expressed at low levels (2 fg/cell) in late-culture AEC
(Fig. 8C). For TEM8/ANTXRI, overall expression was 2.8-fold
higher in AEC than in HAM. Specifically, HAM had 3.7,4.7, and 0

for 3, 10, and 24 h with LT (2 pg/ml), a combination of the signal pathway
inhibitors UO126, SB203580, and SP600125 (50 wM), or diluent. Relative
quantities of RNA for desmoplakin (DP) and plakoglobin (PG) were deter-
mined for each treatment. Results indicate the mean fold increase or de-
crease = SEM in mRNA in treated AEC compared to that in AEC treated with
diluent. *, P value of <0.05 for the fold difference between treated and un-
treated cells; **, P value of <0.001 for the fold difference between treated and
untreated cells. Data represent three replicates.
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FIG 7 The structure and location of surfactant-producing lamellar bodies are
disrupted by LT. Early-culture AEC were exposed to LT (2 pg/ml) or PA (2
wg/ml) for 72 h, fixed, harvested, and prepared for TEM. Representative fields
are shown. White boxes in panels A, C, E, G, and I indicate areas enlarged in
panels B, D, F, H, and J, respectively. (A and B) Lamellar bodies in untreated
AEC show a distinct layered structure. See the white arrows in panel B. (C and
D) Lamellar bodies appear to be denser and less organized in PA-treated AEC,
with fewer layers in PA-treated AEC than in untreated AEC; compare the white
arrows in panels B and D. (E and F) LT-treated AEC also show disrupted
lamellar body structure; compare the white arrows in panels F and B. (G to J)
Lamellar bodies were found within autophagosomes in PA-treated (G and H)
and LT-treated (I and J) AEC, but equivalent organelles were not found in
untreated samples. Bar = 500 nm.

fg/cell of the 80-kDa, 60-kDa, and 40-kDa isoforms, respectively,
while AEC had 2.6, 18.4, and 2.6 fg/cell of these isoforms, respec-
tively. Our finding of multiple isoforms of ANTXRI in AEC is
consistent with their previously reported presence in whole tissue
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samples (6). When calculated using a ratio of receptor protein to
actin, AEC expressed 9-fold more of the dominant 60-kDa iso-
form than HAM.

We then determined whether anthrax receptors expressed by
AEC are capable of binding PA, the component of LT responsible
for toxin binding and entry to the cell. To do this, we quantified
binding of FITC-labeled PA to AEC using flow cytometry. The
mean fluorescence intensity of late-culture AEC incubated with
FITC-labeled PA was 20.7, compared to 4.0 for cultures incubated
with an FITC-labeled isotype control (Fig. 8D). Therefore, while
HAM showed low expression and poor binding capacity (64) of
anthrax receptors, these results indicate that AEC express both
anthrax toxin receptor 1 and 2 and that the receptors expressed by
AEC are functional.

AEC are sensitive to LT-induced MEK cleavage. Murine mac-
rophage RAW 264.7 cells, which are sensitive to LT, exhibit MEK
1,2, 6, and 7 cleavage upon exposure to LT. In contrast, HAM are
not sensitive to LT and do not show LT-induced MEK cleavage
(64). Since AEC express functional anthrax receptors and exhibit
altered activity in response to LT, we determined whether AEC are
also sensitive to MEK cleavage by LT. Late-culture AEC were ex-
posed to 2 ug/ml LT for 24 h, and the extent of MEK cleavage was
determined by an immunoblot. Exposure to LT resulted in >95%
cleavage of MEK 1, 2, 3, and 4 and 15% cleavage of MEK 7 (Fig. 9).
Early-culture AEC were also sensitive to LT-induced MEK cleav-
age, with the exception of MEK 7, which was less sensitive to
LT-induced cleavage in these cells (data not shown). We were
unable to assess cleavage of MEK 6 due to the nonspecificity of the
MEK 6 antibody in AEC (data not shown). These findings show
that AEC are sensitive to LT-induced MEK cleavage, implicating a
possible mechanism by which LT exposure may affect AEC barrier
function, junction formation, and surfactant production.

AEC are not killed by LT. Because LT-induced MEK cleavage
has been associated with apoptosis in other cell types (46), we
examined whether LT exposure of AEC was associated with cell
death. AEC cultured from 2 to 14 days were left untreated or were
exposed to LT (2 wg/ml) for various lengths of time (3 to 66 h) to
determine if LT caused cell death in either AEC I-like or AEC II
cells. This was determined by flow cytometry to assess nuclear
exclusion of propidium iodide (PI), by colorimetric assay to assess
dehydrogenase activity of living cells, and by lactate dehydroge-
nase (LDH) release from dead cells (29, 44). Despite the near-
complete cleavage of several MEK isoforms, both PI exclusion
(Table 1) and LDH release indicated that LT exposure under the
tested conditions did not kill the cells by apoptosis or necrosis.
Membrane permeability was not increased by LT (Table 1), and
LDH release from cells was unchanged by LT through 144 h of
exposure, though it was increased by staurosporine, a strong in-
ducer of apoptosis (data not shown).

An assay of mitochondrial dehydrogenase activity (27, 59) of
living AEC treated with LT showed a temporary, reversible de-
crease in metabolic activity at 48, 72, and 96 h of 69% (P < 0.05),
73% (P < 0.001), and 79% (P < 0.05), respectively, from that of
untreated controls. By 144 h of LT exposure, dehydrogenase ac-
tivity increased to 85% (P > 0.05) of untreated controls, an
amount which was not significantly different from that for the
controls (Fig. 10). A similar pattern occurred with PA treatment,
although the decrease in metabolic activity was significant only at
96 h (84% of untreated controls; P < 0.05) and, like with LT,
increased to a level not significantly different from that for un-
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FIG 8 AEC express anthrax receptors and bind PA. (A) Freshly isolated and
late-culture AEC were stained with a-human TEMS8 or a-human CMG2 and
analyzed by flow cytometry to measure the percentage of AEC positive for
TEMS8 or CMG2. Data are the mean percentages = SEM of cells staining
positive for the designated receptor and are from 2 separate preparations, with
2 to 3 trials per receptor. (B) Representative histograms showing staining of
AEC with a-human TEMS8 or a-human CMG2 antibodies (black) or nonspe-
cific background staining using species-specific IgG negative controls for each
antibody (gray). (C) Western blotting was used to determine the relative
amounts of TEM8/ANTXRI1 and CMG2/ANTXR?2 in lysates of late-culture
AEC and human alveolar macrophages obtained from bronchoalveolar lavage.
The amount of TEM8 and CMG2 per lane was determined by comparison to

4384 iai.asm.org

-LT +L T
—
MEK 2/
MEK 3 5

Actin . D

FIG 9 Stimulation of AEC with LT causes MEK cleavage. Late-culture AEC
were treated with LT (2 pg/ml) for 24 h, and cell lysates were immunoblotted
for the MEK proteins shown. Data shown are representative of experiments
using two separate AEC preparations from different donors.

treated cells by 144 h (85%; P > 0.05) This transient decrease in
mitochondrial activity by LT and PA, coupled with unchanged
LDH release, suggests that the AEC are injured by toxin but re-
cover. AEC do not undergo cytolysis and do not die by apoptosis
or necrosis when treated with LT.

These results indicate that the decreases in surfactant produc-
tion, barrier integrity, and tight junction protein expression in
LT-exposed AEC are not due to cell death. We did not specifically
investigate markers of apoptosis, such as caspase activation, be-
cause secondary necrosis is the outcome of a completed apoptotic
program when phagocytic cells are absent (58, 9, 54, 65). Our AEC
were not necrotic, and phagocytic cells were absent; therefore, the
AEC had not completed an apoptotic program.

DISCUSSION

In this study, we found that AEC are a target of Bacillus anthracis
LT. We demonstrated that early- and late-stage AEC have recep-
tors for LT, although the receptor is more highly expressed in
late-culture AEC. We found that AEC bind the PA component of
LT and undergo MEK cleavage and reductions in barrier function,
junction formation, and surfactant production. Because MEKs
regulate p38, ERK, and JNK, many transcriptional programs and,

recombinant protein immunogen standards. Human a-actin was used as a
probe to confirm equivalent protein loading per lane and as an additional
means of comparison. Data were obtained from 3 individuals for each cell type,
and results were calculated as mean fg receptor/cell and as a ratio of receptor to
actin. (D) Late-culture AEC were harvested, incubated on ice for 3 h with
FITC-labeled PA (2.6 ug/ml), and evaluated for PA binding by flow cytometry.
Representative data are shown from one individual. Dotted line, unlabeled
AEG; solid line, AEC plus PA-FITC; dashed line, AEC incubated with FITC-
labeled rabbit IgG control.
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FIG 10 LT and PA cause a temporary, reversible decrease in dehydrogenase
activity of AEC. Late-culture AEC were left untreated or treated with LT (2
pg/ml PA, 2 pg/ml LF), PA (2 pg/ml), or staurosporine (10 uM). Dehydro-
genase activity was assessed at 24, 48, 72, 96, and 144 h using a nontoxic
tetrazolium salt assay to detect dehydrogenase activity of living cells. For each
time point, mean dehydrogenase activity of untreated cells was considered to
represent 100%. Results are the mean percent activity = SEM of toxin-treated
cells versus untreated cells and represent 4 replicate cultures. *, P value of
<<0.05 versus untreated cells; **, P value of <0.001 versus untreated cells.

hence, cellular functions may be affected by LT-induced MEK
cleavage (52). There is evidence that MEK signaling is important
in junction integrity. ERK activation has been shown to increase
integrity of epithelial tight junctions by inhibiting claudin-2 ex-
pression. When ERK was inhibited in this case, junction integrity
declined (1, 33). On the other hand, ERK activation can disrupt
epithelial junctions in corneal epithelial cells (61). In one study on
keratinocytes, a pathway involving MEKs was necessary for a
transforming growth factor  (TGF-B)-induced upregulation of
the factor NetlA (Rho-A-specific guanine nucleotide exchange
factor isoform 2). NetlA was, in turn, necessary to maintain epi-
thelial junctions. Silencing Net1A, coupled with TGF-@ stimula-
tion, led to a reduction in E-cadherin and ZO-1 staining in tight
junctions. In that study, MEK inhibition was evident in 3 h but
junction integrity was reduced at 48 h (45). This is consistent with
our findings, in which we observed a time delay between MEK
cleavage and reduction of junction integrity, i.e., we measured
MEK cleavage at 24 h and observed morphological alterations in
junction formation in 72 h, followed by measureable physiologic
barrier disruption at 140 h. Our results, taken together with pre-
vious studies involving MEK cleavage and junctions, suggest that
LT-induced MEK cleavage reduces expression of junction pro-
teins. Protein turnover at junctions is then required before the
functional evidence of reduced junction protein expression ap-
pears.

Our findings suggest that all of the effects of Bacillus anthracis
toxins we demonstrated cannot be attributed solely to LT-induced
MEK cleavage. First, we saw effects of PA alone on junction for-
mation and surfactant production. Second, we found that MAPK
inhibitors have divergent effects on mRNA levels of junction pro-
teins compared with LT exposure. Thus, some of the effects of LT
and PA are likely due to unknown effects of these toxins on AEC or
are effects that cannot easily be duplicated by chemical MAPK
inhibitors.

The effects of LT on AEC have implications for the lung in the
late stages of inhalation anthrax and possibly the early stage. We
noted that the addition of PA alone resulted in some effects that
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were similar to LT but less intense. While we did not specifically
study the mechanism of activity of PA, we suggest that a portion of
the effects of LT on surfactant production, cell-cell contacts, and
lamellar bodies can be attributed to pore formation in the cell
membrane by PA. Our finding that PA alone has effects on junction
formation and surfactant production is of particular significance as
PA levels are higher than LT levels during Bacillus anthracis infection
(39).

Lung injury in late-stage anthrax. Terminal stages of inhala-
tion anthrax are accompanied by significant lung injury during a
time when high levels of bacterial toxin components are present
(3, 8,31). We hypothesized that there is a target cell for LT in the
lung through which lung injury can be mediated. We previously
ruled out HAM as a significant target of LT (64). In this study, we
focused on AEC because reduced epithelial barrier function and
reduced surfactant levels are characteristic of acute lung injury
(40). We demonstrated that AEC have receptors for LT, bind the
PA component of LT, and undergo MEK cleavage and that LT
causes reduced barrier function, tight junction formation, and
reduced surfactant production in these cells. Our results suggest
that LT, released by vegetative Bacillus anthracis in the blood, cir-
culates to the lung and is internalized by AEC. MEK cleavage fol-
lows internalization. LT-induced MEK cleavage, likely through its
effect on MAPK signaling pathways, is associated with alteration
of transcription of many different genes (52). In our study, despite
extensive cleavage of several MEKs, AEC do not die but exhibit at
least two specific responses that potentially represent lung injury
in a human host of Bacillus anthracis. The first, cytoskeletal rear-
rangement with loss of barrier function is likely related to the
LT-induced MEK cleavage we observed in these cells. There is
evidence that LT reduces actin dynamics in human neutrophils by
blocking p38 MAP kinase phosphorylation (19). This suggests
that the MEK cleavage we observed in AEC causes the actin rear-
rangement exhibited by AEC. This is significant, as actin has an
important role in the structure of the junction complex structure
in epithelial cells (28). Thus, LT effects on actin rearrangement in
AEC, which temporally precedes alterations in junction protein
immunolocalization and in barrier function, may play an impor-
tant role in this process. Our findings are consistent with those of
Lehman et al. (32), who showed that LT exposure caused cytoskel-
etal rearrangement and disruption of barrier function in human
bronchial epithelial cells. The second response, decrease of surfac-
tant production, has also been associated with MEK pathway in-
hibition (14), suggesting that the surfactant reduction we ob-
served in AEC also resulted from LT-induced MEK cleavage.

The function of the epithelium and endothelium as a barrier
that undergoes an increase in permeability during acute lung in-
jury has been recognized (18, 40, 62). The most common causes of
acute lung injury are primary pneumonia and sepsis (40). Inter-
estingly, LT has been proposed as a cause of endothelial barrier
dysfunction that leads to pleural effusions (51, 62). However, en-
dothelial barrier injury alone may not be sufficient to induce pul-
monary edema. Normally, both the endothelial and epithelial bar-
riers must be disrupted in order to establish pulmonary edema (2,
40). Our results suggest a scenario in which LT is able to disrupt
both barriers and cause acute pulmonary edema. Thus, during
anthrax infection, LT-induced lung injury may be an independent
factor that contributes to lung injury exhibited in human victims
of anthrax (7).

In contrast to work done by Park and others in mouse cell lines
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(46), we found that LT-induced MEK cleavage was not associated
with cell death. This is consistent with our previous work in pri-
mary mouse alveolar macrophage cells in which we also found
that although MEK cleavage occurred after LT exposure, apopto-
sis and cell death did not occur (64). In terms of barrier function,
our findings also are consistent with those seen in endothelial cells
in which LT-induced barrier disruption did not require cell death
(62).

Early-stage implications. The role of LT in early-stage anthrax
is not understood. It is not known whether there is significant
germination of spores and production of LT in the lung before
dissemination to the lymph nodes. Studies in the 1950s demon-
strated that vegetative bacteria are found in the lymph nodes of the
lung within 5 h after intratrachial spore delivery but did not define
whether germination occurred in the lung, in transit to the lymph
node, or in the lymph node (53). Recent evidence suggests that
germination can occur in the lung (38), and studies that modeled
the incubation period of anthrax support the possibility of early
germination and toxin production (10). If germination occurs in
the human lung before dissemination to the lymph nodes, LT may
be produced in the lung. In fact, studies that aim to model the
incubation period of anthrax take into consideration that early
germination and toxin production are a possibility (10). Our find-
ings suggest that if LT is produced early in the lung, disruption of
the epithelial barrier may occur before sepsis is established. Early
disruption of the epithelial barrier would facilitate entry of spores
or bacteria into the pulmonary interstitium. There, pulmonary
lymphatic channels provide a route for transit to the mediastinal
lymph nodes, as is known to occur in the initial stages of inhala-
tional anthrax. Alternately, direct dissemination through the ad-
jacent endothelium into the pulmonary vasculature may occur,
particularly if the endothelium is also disrupted by LT, as has been
demonstrated (62). This suggests an additional method of dissem-
ination that does not require transport of the organism to the
lymph nodes from the alveolar space.
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