Tissue factor-bearing exosome secretion from human
mechanically stimulated bronchial epithelial cells in vitro

and in vivo
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Background: Tissue factor (TF), a primary initiator of blood
coagulation, also plays a pivotal role in angiogenesis. TF
expression in the airways is associated with asthma, a disease
characterized in part by subepithelial angiogenesis.
Objectives: To determine potential sources of TF and the
mechanisms of its availability in the lung microenvironment.
Methods: Normal human bronchial epithelial cells grown in
air-liquid interface culture were subjected to a compressive
stress of 30 cm H,O; this is comparable to that generated in the
airway epithelium during bronchoconstriction in asthma.
Conditioned media and cells were harvested to measure TF
mRNA and TF protein. We also tested bronchoalveolar lavage
fluid and airway biopsies from asthmatic patients and healthy
controls for TF.

Results: TF mRNA was upregulated 2.2-fold after 3 hours of
stress compared with unstressed cells. Intracellular and secreted
TF proteins were enhanced 1.6-fold and more than 50-fold,
respectively, compared with those of control cells after the onset
of compression. The amount of TF in the bronchoalveolar
lavage fluid from patients with asthma was found at mean
concentrations that were 5 times greater than those of healthy
controls. Immunohistochemical staining of endobronchial
biopsies identified epithelial localization of TF with increased
expression in asthma. Exosomes isolated from the conditioned
media of normal human bronchial epithelial cells and the
bronchoalveolar lavage fluid of asthmatic subjects by
ultracentrifugation contained TF.

Conclusions: Our in vitro and in vivo studies show that
mechanically stressed bronchial epithelial cells are a source

of secreted TF and that exosomes are potentially a key

carrier of the TF signal. (J Allergy Clin Immunol

2012;EEN; ENE-NEN,)
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During asthmatic bronchoconstriction, airways experience
altered physical forces that result in the airway epithelial cells
experiencing compressive mechanical stress.'! We have previ-
ously shown that compressive stress applied to normal human
bronchial epithelial cells (NHBECSs) grown in air-liquid interface
(ALI) culture recapitulates many key features of airway remodel-
ing.” This includes collagen production,’ goblet cell hyperplasia,*
and release of inflammatory markers and mediators.>® Herein we
expand these studies to show that compressive mechanical stress
on NHBECs in ALI culture results in the release of tissue factor
(TF)-containing exosomes; we also show that TF-bearing exo-
somes can be isolated from human asthmatic bronchoalveolar la-
vage fluid (BALF) and that epithelial cells express TF in vivo with
enhanced immunohistochemical staining in asthma.

Although TF is best known as an initiator of the blood
coagulation cascade upon its binding to factor Vlla followed by
PAR-2 activation, the TF-factor VIla complex promotes angio-
genesis.”® Therefore, given its role in the promotion of angiogen-
esis'® and the observation that there are increased levels of TF in
sputum from asthmatic patients than in sputum from controls,'" it
is important to understand whether airway epithelial cells are ca-
pable of producing TF, and if so the mechanism and form of its
secretion.

METHODS

Culture of bronchial epithelial cells

Primary NHBECs were expanded and maintained in a humidified envi-
ronment containing 95% air and 5% CO, as described previously.® Passage-2
NHBECs were plated at a density of 2 X 10 cells/cm? on 12-well Transwell
plates with polyester membranes, 0.4-pm pores (Corning, Inc, Corning, NY)
coated with 50 ng/mL of type 1 rat tail collagen (BD Biosciences, San Jose,
Calif). Primary cells from 3 nonsmoker donors were used.

Exposure of NHBECs to compressive mechanical

stress

To expose cells to compressive stress, nontoxic tapered silicon plugs were
pressed into the top of each Transwell with an access port for pressure
application. This creates a sealed pressure chamber over the apical surface of
the NHBECs."® Each plugged well was connected to a 5% CO, (balance room
air) pressure cylinder via a humidified chamber maintained at 37°C with gas
pressure regulated to the pressure of interest. For most experiments, the pres-
sure in the apical chamber was increased to 30 cm H,O above the atmospheric
pressure for the indicated duration, while the basal surface and medium re-
mained at atmospheric pressure. The compressive stress (30 cm H,O) is com-
parable to that generated in the airway epithelium during bronchoconstriction
and orders of magnitude higher than the stress experienced by the airway
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Abbreviations used
ALIL Air-liquid interface
BALF: Bronchoalveolar lavage fluid
Bis 1: Bisindoylmaleimide 1
CM: Conditioned media
EBBs: Endobronchial biopsies
GAPDH: Glyceraldehyde-3-phosphate
NHBECs: Normal human bronchial epithelial cells
PKC: Protein kinase C
TEM: Transmission electron microscopy
TF: Tissue factor

epithelium during normal breathing.''> The application of transcellular com-
pressive stress on the epithelial cells has been routinely used in our labora-
tory"? and others,'® and the physiologic relevance of this system in intact
humans has been documented recently. 14

NHBECSs were exposed to compressive stress (30 cm H,O) for 3 hours,
and cells and conditioned media (CM) were harvested immediately or at
the indicated time point postpressure application. Control cells were treated
identically to compressive stress samples, including the placement of the
wells in the experimental apparatus, but were not exposed to the pressure
gradient.

Pharmacologic manipulation

To determine whether compressive stress induced TF transcription through
the synthesis of new RNA, cells were pretreated with 5 pg/mL of actinomycin
D for 30 minutes prior to compressive stress. To determine whether compres-
sive stress induced intracellular TF protein in a manner dependent on new
protein synthesis, cells were pretreated with cycloheximide (10 wg/mL).
The effect of actinomycin D or cycloheximide on compressive stress—provoked
TF secretion was determined as well. To investigate the role of protein kinase C
(PKC) in TF expression or secretion, bisindoylmaleimide 1 (Bis1) (ICs5o = 8-20
nmol/L) was preincubated in the basal media for 30 minutes prior to the appli-
cation of compressive stress. We have previously® shown that 1 wmol/L Bis
1 completely inhibited PKC activity as indicated by the phosphorylation of
the PKC substrate, myristoylated alanine-rich C kinase substrate.

All inhibitors were initially dissolved in dimethyl sulfoxide as stock
solutions and dissolved to final concentrations in minimal media at the
concentration described in each figure. Dimethyl sulfoxide was used for a
vehicle control for all inhibitors.

Western blot analysis

Western blot analysis of proteins was performed by using 20~50 pg of
protein lysates per lane of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis as previously described.®

Intracellular proteins were collected from the cells in Transwells at the
indicated period of time following compressive stress. E-Cadherin was used
for a loading control for Western blot analysis of intracellular TF protein. To
detect secreted TF into the CM in response to compressive stress, CM was
collected from the basal compartment of the ALI cultures and concentrated by
trichloroacetic acid precipitation and examined by Western blot analysis.°

ELISA

The amount of TF protein in the CM was quantified by ELISA by using a
commercially available Quantikine Kit (R&D Systems, Minneapolis, Minn)
following the manufacturer’s instructions.

Real-time PCR analysis
RNA was isolated from cell lysates with RNeasy Mini Kit (Qiagen,
Valencia, Calif) following the manufacturer’s instructions. The forward
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and reverse primers for TF (Gene bank ID: NM_001993.4) and glyceralde-
hyde-3-phosphate (GAPDH)® endogenous control were generated by Primer
Express 3.0 software (Applied Biosystems, Carlsbad, Calif) (Table I). TF
primers were generated in the region spanning Exon 3. The primer sets used
were validated against GAPDH by using various amount of cDNA to ensure
similar levels of PCR efficiency. Fold changes compared with the control
were calculated by the comparative delta-delta Ct method.">

Isolation and identification of exosomes

Exosomes were isolated by differential ultracentrifugation and confirmed
by transmission electron microscopy (TEM). We performed ultracentrifuga-
tion as described.'® CM from the basal compartment of the ALI culture was
centrifuged sequentially at 2000g and 10,000g for 10 minutes and 30 min-
utes, respectively, to remove cell debris. The saved supernatant was further
ultracentrifuged at 100,000g for 70 minutes, and the supernatant was re-
moved. PBS was added to the pellet followed by a second round of ultracen-
trifugation at 100,000g for 70 minutes; the pellet was used as the exosome
fraction.

Negative staining procedure for TEM

The pellet from ultracentrifugation was suspended in 50 pL of PBS and
vortexed briefly and then 5 pLL was adsorbed for 1 minute to a carbon-coated
grid that had been made hydrophilic by a 30-second exposure to a glow
discharge. Excess liquid was removed with filter paper (Whatman #1), and the
samples were stained with 0.75% uranylformate for 30 seconds.
After removing the excess uranylformate, the grids were examined in a
JEOL1200EX TEM or a TecnaiG* Spirit BioTWIN and images were recorded
with an AMT2kCCD camera.

Bronchoscopic airway sampling and processing

Fiber-optic bronchoscopy was undertaken under local anesthesia to obtain
BALF and endobronchial biopsies (EBBs) as summarized in Table II. The
bronchoscopic procedure, BALF harvest and processing, and EBB airway
sampling were performed as previously described.'* All subjects gave written
informed consent, and the study had full ethics and research participation at
the University of Southampton.

BALF Processing

On removal from the subject, BALF was filtered by using a 100-pwm nylon
filter (BD Falcon cell strainer, Marathon Lab Supplies, London, United
Kingdom) and then centrifuged at 1300g for 10 minutes at 4°C. The superna-
tant was removed and aliquoted prior to storage at —80°C for later analysis.

EBB Processing and immunohistochemical staining

On removal from the subject, EBBs were processed into glycolmetha-
crylate resin as previously described'” and stored at —20°C until 2-pm tis-
sue sections were cut for immunohistochemical staining for TF expression.
Immunostaining was undertaken as described previously'*'” by using a
murine mAb against human TF (American Diagnostica, Inc, Stamford,
Conn) with parallel staining undertaken in the absence of primary antibody
and in the presence of an isotype control to verify the specificity of the TF
staining. Immunohistochemical staining of TF within the epithelium was
quantified in well-orientated areas of the intact epithelium by computer-
assisted image analysis (Zeiss KS400 image analysis system; Zeiss, Welyn
Garden City, United Kingdom) and expressed as percentage epithelial
staining.

Statistical analysis

Data are presented as mean = SEM. Results were evaluated by Student
t tests, with Bonferroni posttest correction for multiple comparisons. A P value
of less than .05 was considered significant.
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TABLE I. Primer sets for real-time PCR analysis

Gene Primer sequence
TF(F3)
Forward 5'-ACAGAGTGTGACCTCACCGACGA-3'
Reverse 5'-CCTGCAGGGTAGGAGAAGACCC-3’
GAPDH
Forward 5'-TGGGCTACACTGAGCACCAG-3’
Reverse 5'-GGGTGTCGCTGTTGAAGTCA-3’

TABLE Il. FEV, of participants from whom BALF or airway biop-
sies were obtained

Type of sample Healthy volunteers Asthmatic patients

BALFs n=>35

Mean age: 31.6 y
(range, 20-55 y)

FEV,% predicted:
102.0 = 5.5 (=SEM)

No medications

n=>5

Mean age: 24.4 y
(range 18-35y)

FEV,% predicted:
104.8 £ 3.5 (=*SEM)

No medications

n=>5

Mean age: 32.0 y
(range, 20-37 y)

FEV,% predicted:
97.1 £ 7.3 (xSEM)

Albuterol prn only

n =10

Mean age: 379 y
(range 18-56 y)

FEV,% predicted:
83.7 = 3.9 (£SEM)

Inhaled steroids
(at least 2000 g
beclometasone or
equivalent), inhaled
long-acting beta agonists,
and at least 1 other asthma
therapy (oral leukotriene
receptor antagonist,
theophylline, or oral steroids)

Endobronchial
biopsy

All human research was conducted under permission granted by Southampton and
South West Hampshire Research Ethics Committees.

RESULTS
Compressive mechanical stress induces TF mRNA
expression and intracellular TF protein in well-
differentiated NHBECs

Well-differentiated NHBECs grown in ALI conditions were
exposed to 30 cm H,O transcellular compressive stress for 3
hours. As shown in Fig 1, A, this duration of compressive stress
resulted in an increase in TF mRNA expression by 2.2-fold com-
pared with that in time-matched controls. By 8 hours, the magni-
tude of the induction had fallen to 1.8-fold; both differences were
significant compared with their time-matched controls. Intracel-
lular TF protein (Fig 1, B) was detected constitutively, and its ex-
pression was increased by 1.6- and 1.3-fold at 3 or 24 hours,
respectively, following the onset of compressive stress when com-
pared with time-matched controls.

Compressive stress induces the secretion of TF
protein from NHBECs

We next examined TF protein secretion into the basal CM from
ALI cultures of NHBECs in the presence or absence of compres-
sive stress. Western blot analysis of CM collected 3, 16, 19, or 24
hours after the onset of 3 hours of compressive stress for TF is
shown in Fig 1 C. The secretion of TF protein was undetectable
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under baseline culture conditions; it was detected as early as 3
hours after the onset of compressive stress and sustained for 24
hours. As basal amounts of TF were undetectable by Western
blot, we measured the concentration of TF in CM by using
ELISA. CM were collected from control and compressed cells
at 3 hours or 24 hours after the onset of compressive stress. As il-
lustrated in Fig 1, D, the concentration of TF was 420 pg/mL and
722 pg/mL in the CM at 3 hours and 24 hours after the onset of
compressive stress, respectively, while it was below the detection
limit (7.8 pg/mL) in the CM from control wells at any time point.
We found that the amount of TF secretion at 3 hours was about
58% (420 pg/mL) of that observed at 24 hours in the
compressed CM; this difference was consistent with what we ob-
served by Western blot analysis. The recovery of significant
amounts of TF in the CM at the completion of 3 hours of compres-
sive stress suggested that there could be early TF secretion from
an intracellular store followed by the release of newly synthesized
protein.

There was a graded amount of TF released into the CM
following the graded application of compressive stress from 5 to
30 cm H,O. The secretion of TF protein was not detected by West-
ern blot analysis after the application of 5 or 10 cm H,O pressure
as shown in Fig 1, E. There was slight induction of TF by 20 cm
H,O pressure, with extensive induction generated by 30 cm H,O
pressure.

Initial TF secretion is not dependent on new mRNA
or protein synthesis

To test whether new transcription was involved in the TF
expression response to compressive stress, we incubated cells in
the presence or absence of the transcription inhibitor, actinomycin
D (5 pg/mL), for 30 minutes prior to exposure to the compressive
stress. This pretreatment completely attenuated the compressive
stress—induced TF mRNA expression (Fig 2, A), indicating that
compressive stress leads to new RNA synthesis. Next, to test
whether the induction of TF is the result of newly synthesized pro-
tein production, cells were preincubated with cycloheximide
(10 pg/mL) for 30 minutes prior to exposure to the compressive
stress. As illustrated in Fig 2, B, intracellular TF protein induction
in response to compressive stress was largely attenuated in the
presence of cycloheximide (10 wg/mL). Taken together, these
data suggest that compressive stress is followed by both new TF
protein synthesis and new RNA synthesis.

Surprisingly, as illustrated in Fig 2, C, pretreatment with acti-
nomycin D or cycloheximide did not affect TF secretion in re-
sponse to compressive stress at 3 hours, while transcription or
intracellular TF protein was attenuated as we described above
(Fig 1, A and B), further supporting the concept of TF secretion
from a preformed intracellular store.

Compressive stress induces TF-bearing exosomes
in differentiated NHBECs

TF is a transmembrane protein and is known to be secreted
in various membrane vesicles.'32° Therefore, we isolated exo-
somes by differential ultracentrifugation from CM collected
from NHBECs following compressive stress. As illustrated in
Fig 3, A, we identified membrane vesicles from ~50 nm to 200
nm in diameter, with most of them smaller than 100 nm in diam-
eter; the vesicles had the characteristic cup shape of exosomes.>!
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FIG 1. Compressive stress induces TF production from human bronchial epithelial cells. A-C, E, TF mRNA
expression (Fig 1, A), intracellular TF (Fig 1, B), and secreted TF (Fig 1, C and E) in response to compressive
stress (mean = SD, n = 3). Loading controls: E-Cadherin (Fig 1, B) and Coomassie staining of SDS-PAGE (Fig
1, Cand E). D, TF measured by ELISA in the CM (mean + SD, n = 3). SDS-PAGE, Sodium dodecy! sulfate-
polyacrylamide gel electrophoresis. *P < .05 versus control.
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As shown in Fig 3, B, TF was detected in the whole cell lysates as
well as in the exosomal fraction (pellet) from ultracentrifugation.
We further detected the exosomal marker proteins, GAPDH,22
actin,”>** annexin V,”>** and epidermal growth factor recep-
tor,?>2>2% Lamin A/C, whichis expressed in the nuclear envelope,
and E-cadherin and beta 5 integrin, which are expressed in the
plasma membrane, were not found in the exosome fraction. We
detected trace amount of proliferation nuclear antigen in the
exosomes as found in colon cancer cells.?” Annexin V was also
detected in the supernatant of ultracentrifugation, suggesting
that it is contained in the nonexosomal fraction as well.

TF secretion in response to compressive stress is
mediated partially via the PKC pathway

One of the known mechanisms triggering membrane vesicle
secretion is an increase in intracellular calcium concentration
potentially followed by PKC activation.?® To determine whether
compressive stress activates PKC and thus controls the secretion
of TF contained in the exosomes, we inhibited PKC activity by us-
ing Bis 1. First, to determine the efficacy of Bis 1, NHBECs were
pretreated with increasing concentrations of Bis 1 (0, 0.1, 1, and

10 wmol/L) for 30 minutes prior to the application of compressive
stress for 3 hours. CM were collected at the end of the application
of compressive stress. As illustrated in Fig 4, A, pretreatment with
Bis 1 attenuated compressive stress—induced TF secretion in a
concentration-dependent manner; the effect plateaued at a con-
centration of 1 pwmol/L. Inhibition of PKC did not attenuate com-
pressive stress—induced TF mRNA expression as shown in Fig 4,
B, but substantially attenuated the secretion of TF in response to
compressive stress (72% reduced from maximum), as shown in
Fig 4, C.

TF in human BALF is correlated with asthma and
detected in exosomes

To test whether there is a differential availability of TF in
patients with asthma as compared with healthy volunteers, we
tested BALF for TF. As shown in Fig 5, A, we detected small
amounts of TF in the BALF from healthy volunteers but in
BALF from patients with asthma the mean concentration was
5 times greater. We confirmed that human BALF contained
exosomes by using ultracentrifugation and TEM as described
above. As shown in Fig 5, B, the size of the exosomes in
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FIG 3. Human bronchial epithelial cells release exosomes in response to compressive stress. A, Detection of
exosomes from compressed NHBECs by TEM. B, Western blot analysis of TF, exosome markers (GAPDH,
actin, annexin V, and EGFR), and nonexosomal proteins (Lamin A/C, E-cadherin, and beta 5 integrin). C, Coo-
massie staining of SDS-PAGE gel corresponding to the blots shown in Fig 3, B. EGFR, Epidermal growth
factor receptor; PCNA, proliferation nuclear antigen; SDS-PAGE, sodium dodecy! sulfate-polyacrylamide
gel electrophoresis; WCL, whole cell lysates.
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human BALF is more homogenous than that of exosomes from
NHBECS; in exosomes from human BALF, the most com-
monly occurring vesicle has an approximate diameter of 50
nm. We confirmed the presence of the exosome markers,
GAPDH, actin, epidermal growth factor receptor, and annexin
V (Fig 5, O), in vesicles isolated from BALF from asthmatic
patients.

TF in EBB is expressed in epithelial cells

Immunohistochemical staining for TF was present in all
samples tested and localized to the airway epithelium (Fig 6).
The percentage of the epithelium that had positive immunostain-
ing for TF (Fig 6) was significantly greater (P = .037) in those
with asthma (median 13.6% [range 2.0%-24.0%]) than in the
healthy controls (6.0% [range 3.8%-12.4%]).



6 PARKET AL J ALLERGY CLIN IMMUNOL
mmm 2012
A Control Comp. Stress  (3hours) B 35
001 110 0 0.1 1 10 Bis| (uM) 5
_'ﬁssue factor (conditioned media) S
I <o contol 8 o5
=5
a2 3T
E < 2;
== = 8
'@ 5100 € ° 4
o8 = 15
Sam 59
Q@ 60 g
23 £ 05
B5w
®E 0 - - .
3 R Veh. Bis|  Veh. Bis |
o
£, Control Comp. Stress (3hours)
0 01 1 10 Bis I (uM)
Compressive Stress (3hours)
c Control Comp. Stress (3hours)
Veh. BIS | Veh. Bis |
m . Tissue factor (conditioned media)
—oa o
g
B E e s
g8
582 %
R
L 2 60 72.7% reduction
23z
2E w *
s £
S »
*®
0 :
Veh. Bis |
Comp. Stress (3hours)
FIG 4. Inhibition of PKC activity attenuates compressive stress-induced TF secretion. A, TF secretion in the
presence of increasing concentration of Bis 1. B and C, TF mRNA expression (*P < .05 vs control) (means +
SEM, n = 4) and TF secretion (¥*P < .01 vs control) (means = SEM, n = 3) in the presence of absence of Bis
1 (1 pmol/L). Comp., Compressive; Veh., vehicle.
DISCUSSION consistent with the hypothesis that bronchoconstriction could

Our experiments show that NHBECs constitutively express TF
protein expression in cell lysates, but there is no detectable
secretion into its culture medium under basal ALI culture
conditions. Compressive mechanical stress (30 cm H,0), compa-
rable in magnitude to that associated with asthmatic bronchocon-
striction, led to modestly enhanced TF transcription and
intracellular protein production and dramatically increased TF
secretion. New RNA synthesis was required for the upregulated
TF transcription in response to compressive stress. While intra-
cellular TF production induced by compressive stress is depen-
dent on new protein synthesis, the secretion of TF during the
first 3 hours of stress application is independent of either new
RNA synthesis or intracellular protein synthesis. We isolated
exosomes in the CM collected from compressed bronchial epi-
thelial cells and detected TF in the membrane vesicle fraction
along with a panel of exosomal marker proteins.'®2%*"° We
found that the release of TF in response to compressive stress
was attenuated by the inhibition of PKC activity, suggesting
that TF-bearing exosomes are released in a PKC-dependent man-
ner. Our data were extended to samples from humans by our dem-
onstration that the TF concentration in human BALF from
asthmatic patients is significantly higher than that from controls.
The TF was largely contained in exosomes; these findings are

serve as a source of TF-bearing exosomes. In concordance with
these findings, we have also demonstrated that TF is immunolo-
calized in airway biopsies to the epithelium and that its immuno-
reactivity at this site is significantly increased in patients with
asthma in comparison to that in healthy controls. Our combined
in vivo and in vitro data establish unequivocally that mechani-
cally perturbed airway epithelial cells are a potential source of
TF in humans.

There are few data to provide information about the role of TF in
pulmonary diseases. Immunohistochemical analysis has shown
abundant TF protein expression in basal cells of normal bronchi.”®
It is also known that exposure to urokinase plasminogen activator
induces TF mRNA and protein expression in Beas2B cells and in
mouse lungs.29 The expression of TF in the lung has been impli-
cated in the mechanism of fibrin deposition in an experimental
model of asthma.*® Moreover, others have shown that the expres-
sion of TF in type 2 alveolar epithelial cells may be related to the
pathogenesis of idiopathic pulmonary fibrosis.>' There is a higher
TF concentration in the sputum from patients with asthma than in
the sputum from healthy controls,’ 132 but its origin is not known.
In our in vitro experiments, TF was found in the fluid bathing the
basolateral surface of airway epithelial cells, but we recovered
TF in BALF from asthmatic patients, which presumably reflects
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BALF (mean = SD, n = 5 per condition). **P = .0142 versus healthy controls. B, Human BALF-derived exo-
somes detected by TEM. C, TF and exosome markers in exosomes isolated from the BALF of asthmatic pa-
tients (using the 3 asterisked samples in Fig 5, A). EGFR, Epidermal growth factor receptor.
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FIG 6. TF localized in the airway epithelium is associated with the diagnosis of asthma. A and B, Immuno-
histochemical staining of TF in sections of EBBs from a healthy control (Fig 6, A) and an asthmatic volunteer
(Fig 6, B). C, Immunohistocehmical staining by using an isotype control antibody. D, The percentage of ep-
ithelial cells stained for TF in healthy controls (n = 5) and asthmatic subjects (n = 10).

the composition of the fluid on the airway epithelial surface. It is  asthmatic airway epithelium.>* However, other mechanisms, such
likely that TF translocation took place from the base of airway ep-  as production by type 2 alveolar epithelial cells and macrophages,
ithelial cells to the apical surface through the known “leaky”  cannot be ruled out.
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While TF is best known for its role as an initiator of blood
coagulation, it is also a well-established proangiogenic
factor.®?**% It is known that increased subepithelial angiogene-
sis is associated with reduced lung function in patients with
asthma.>**® Our data provide strong evidence that mechanical
stress enhances the availability of this angiogenic factor. We spec-
ulate that such angiogenesis could be a link between mechanical
stress and the persistent airway obstruction observed in patients
with chronic persistent asthma.

We have shown that primary bronchial epithelial cells secrete
TF-bearing exosomes upon compressive stress. Since TF is a
transmembrane protein and in our assays we used a polyclonal TF
antibody, which detects epitopes distributed along the entire
protein, the amount of TF measured was insensitive to the
orientation of TF within exosomes. TF has been found in
membrane vesicles fraction isolated from platelets, monocytes,
or macrophages.”'41 TF-bearing exosomes secreted from the hu-
man epithelial cell line (A431) have been shown to translocate TF
to the plasma lemma of mouse brain endothelial cells.*? Thus,
exosomes may serve as a mechanism whereby TF can be translo-
cated from one cell type to another cell type by vesicle trafficking.
Indeed, in patients with the acute respiratory distress syndrome,
alveolar epithelial-derived microparticles enriched with TF likely
play a role in transferring procoagulant activity.**°

Our finding that TF is contained in exosomes potentially
confounds previously published immunohistochemical analysis,
indicating that TF is located within and, thus by inference,
produced by epithelial cells. It was possible that TF could have
been produced by cells other than airway epithelial cells and
simply identified in these cells as a result of exosomal transport.
However, our combined in vitro and in vivo data establish that air-
way epithelial cells themselves are a potential source of TF in
humans.

In summary, our findings demonstrate for the first time that
NHBECS are a source of TF-bearing exosomes. These exosomes
are released when cells are stimulated by compressive mechanical
stress comparable to that experienced during bronchoconstric-
tion. Activation of this PKC-dependent pathway represents the
first link between this pivotal signaling pathway and the secretion
of mediator-bearing exosomes from human bronchial epithelial
cells.

We thank Maria Ericsson (Harvard Medical School electron microscopy
facility) for her expert help in electron microscopy.

Clinical implications: Subepithelial angiogenesis is a feature of
airway remodeling. Expression of the proangiogenic mediator,

TF, is associated with asthma, but its source and mechanism
of secretion in asthma are not understood.
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