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via Coagulation and Protease-Activated Receptor
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Tissue factor (TF) initiates the extrinsic coagulation cascade and is a
high-affinity receptor for coagulation factor VII. TF also participates
in protease-activated receptor (PAR)1 and PAR2 activation. Human
epithelial basal cells were previously purified on the basis of TF
expression. The purpose of this study was to determine if tracheo-
bronchial epithelial basal cell-associated TF drives coagulation and/
or activates PARs to promote basal cell functions. We used human
tracheobronchial tissues to isolate human airway epithelial cells us-
ing specific cell surface markers by flow cytometry and studied TF
expression by immunostaining. TF-dependent fibrin network forma-
tion was observed by confocal and scanning electron microscopy. TF
knockdown was done using short hairpin RNA, and TF mRNA was
measured using quantitative RT-PCR. We found that 97 + 5% of first-
passage human tracheobronchial epithelial cells were basal cells,
and 100% of these basal cells expressed TF. Basal cell-associated
TF was active, but TF activity was dependent on added extrinsic co-
agulation cascade factors. TF inhibition caused basal cell apoptosis
and necrosis. This was due to two parallel but interdependent TF-
regulated processes: failure to generate a basal cell-associated fi-
brin network and suboptimal PAR1 and PAR2 activity. The data
indicate that membrane surface TF mediates airway epithelial basal
cell attachment, which maintains cell survival and mitotic poten-
tial. The implications of these findings are discussed in the context
of basal cell-associated TF activity in normal and injured tissues and
of the potential for repair of airway epithelium in lung disease.
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Tissue factor (TF) is a transmembrane cell receptor and cofactor
for factor VII (FVII) and serves biological functions beyond
its established role in blood coagulation (1). TF may act as
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CLINICAL RELEVANCE

Although tissue factor (TF) has been previously localized to
the basal cell region of airways, the role of TF activity in
tracheobronchial epithelial basal cell function is unknown.
TF activity on the surface of tracheobronchial epithelial
basal cells causes fibrin formation, leading to provisional
matrix formation, basal cell attachment, survival, and pro-
liferation. We demonstrate that TF activity is essential for
airway epithelial repair after injury.

a transmembrane signaling molecule by activating and deliver-
ing coagulation factors for signaling, and the TF-coagulation
FVIla complex activates G protein—coupled receptors, includ-
ing the protease-activated receptors (PARs) (2). Under patho-
logic conditions, TF can be expressed by circulating blood
elements (monocytes, neutrophils, and platelets) and by an as-
sociated elevated number of cell-derived circulating micropar-
ticles. The role of TF in epithelial cell function is much less well
understood than its role in the circulation and in hemostasis.

In acute lung injury, increased coagulation and decreased fi-
brinolysis result in diffuse alveolar fibrin deposition, potentially
increasing lung inflammation (3). Recent evidence indicates that
the damaged alveolar epithelium expresses TF (4) and that
FVIl-activating protein expression is increased (5). Alveolar
procoagulant microparticles are also elevated (6), and intrinsic
elevation of tissue factor pathway inhibitor (TFPI) expression is
insufficient to inhibit this procoagulant effect (7). Coagulation
pathologies also occur in conducting airways. For example, the
sulfur mustard analog 2-chloroethyl-ethylsulfide causes produc-
tion of fibrin-rich, airway-occlusive casts after acute inhalation
(8), and the TF pathway is activated in this process (9). Fibrin
cast formation in proximal airways also occurs in burns and in
smoke inhalation, with postextubation airway injuries, and in
children with congenital heart disease (post-Fontan procedure)
(10, 11). Thus, excessive fibrin formation by TF pathway acti-
vation can occur throughout airways, potentially causing ob-
structive and fibrotic pathologies.

Despite its role in tissue damage, TF and its activation of co-
agulation may have protective functions. Coagulation and fibrin
deposition in wounds or other sites of injury (e.g., skin) is critical
to maintain epithelial barrier integrity and to protect against
invading microbes. Recently, low TF-expressing mice demon-
strated delayed wound healing, difficulty in responding to infec-
tion, and the potential for pathologic bleeding (12). Inactivation
of the TF gene or the gene encoding its endogenous inhibitor
(i.e., TFPI) causes embryonic lethality (13). Thus, TF may pro-
vide a homeostatic envelope that protects organisms against
bleeding after injury (14, 15).

The normal bronchial epithelium maintains a barrier against
inhaled harmful agents by efficiently and rapidly repairing
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affected areas. Epithelial wounding exposes the basement mem-
brane and extracellular matrix and causes TF activation (16). TF
is expressed by airway epithelial basal cells (16-18) andhas been
used as a marker for basal cell isolation and purification (16, 18).
Fibrin formation may be required for repair in airway epithelial
cell lines (19). We have demonstrated that human airway epithe-
lial basal cells use cell surface TF to form fibrin networks on their
surface and that this fibrin network formation was critical for their
survival. We also established a role for TF in PAR activation and
showed that this activity enhanced basal cell survival and prolifer-
ation. Together, these findings suggest that TF activity may be
a critical component of the epithelial repair process.

MATERIALS AND METHODS

Human Airway Epithelial Cell Isolation

Human tracheobronchial tissue was procured from National Disease Re-
search Interchange under National Jewish Institutional Review Board-
approved protocols. Cell harvest and culture were performed using
established procedures (20). Briefly, epithelial cells were removed from
lower trachea and bronchi by protease XIV digestion and plated in
bronchial epithelial growth medium on collagen-coated dishes.

Fluorescence-Activated Cell Sorting Analysis

One million passage 1 cells were incubated with anti-TF-FITC (Amer-
ican Diagnostica, Stamford, CT), anti-CD31-APC (eBioscience, San
Diego CA) (to exclude endothelial cells), anti-CD45-APC (eBio-
science) (to exclude hematopoietic cells), and anti-CD90-APC (eBio-
science) (to exclude fibroblasts) antibodies diluted in PBS containing
BSA (1%) for 30 minutes at 4°C. Nonimmune IgG1k-APC and IgG1-
FITC were used as isotype controls. Cells were washed twice and sus-
pended in PBS-BSA. The DNA-intercalating dye 7-aminoactinomycin
D (7-AAD) was added to stain dead cells. Cell sorting was performed
with a Moflo-XDP high-speed cell sorter (Beckman Coulter, Brea, CA)
equipped with a CyCLONE automated cloner. Compensation for spec-
tral overlap was done using single-color positive and negative compen-
sation beads (BD Biosciences, San Jose, CA). Gates were set according
to unstained and isotype controls. Doublets were excluded by side
scatter versus forward scatter (FS) and FS-INT area versus FS dot
plots. Cell count versus 7-AAD plot defined dead cells. TF-positive
basal cells were then sorted at a rate of 5,000 events per second. Sorted
cells were reanalyzed for purity and viability.

TF Knockdown

Knockdown of TF was performed using lentiviral-mediated short hair-
pin RNA (shRNA) (Sigma, St. Louis, MO) transduction as described
previously (21). The details of RT-PCR to quantify mRNA are pro-
vided in the online supplement.

Confocal Microscopy

Cells were cultured on collagen-coated coverslip chamber slides. Thirty
minutes before imaging, FITC-labeled fibrinogen was added (22). Con-
focal imaging was performed as described previously (8, 23). A two-
photon LSM 510 confocal microscope (Zeiss, Thornwood, NY) was
used to obtain images and Z-stacks.

Scanning Electron Microscopy

Human airway epithelial basal cells were cultured at approximately
10,000 cells/em® on 14-mm coverslips. Twenty-four hours later, treat-
ments were performed, and cells were fixed in 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.4) for 4 hours, rinsed four times,
and stored in 0.1 M sodium cacodylate buffer (pH 7.4). Samples were
dehydrated in graded ethanol solutions (50%, 70%, 80%, 90%, 100%,
and 100%) for 5 minutes each and chemically dried once in 50% and
then twice in 100% hexamethyldisilazane for 5 minutes each time.
Samples were air dried overnight at room temperature in a desiccator.
A thin film (~ 10 nm) of gold was sputtered on samples before imaging.
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Images were taken with an accelerating voltage of 5 KV and at a 6-mm
working distance on a JEOL 7000 FE (JEOL, Peabody, MA) scanning
electron microscope. Each experimental condition was imaged in 10
positions at magnifications of 2,000X and 25,000 X. Brightness and con-
trast were adjusted on scanning electron microscopy images to opti-
mize viewing. No other image manipulation was performed.

Statistical Analysis

ANOVA with Tukey comparisons was calculated using JMP Software
(SAS, Cary, NC). P < 0.05 was considered statistically significant.

RESULTS

Human Tracheobronchial Airway Epithelial Cells Express
TF In Vitro

To define TF function, we first determined if isolated human tra-
cheobronchial airway epithelial cells (HAECs) expressed this
marker. HAECs were isolated from tracheas and bronchi of
patients dying from nonlung disease (20). Passage 1 HAECs
were harvested at 80% confluence. Immunostaining indicated
that the majority expressed TF (see Figure E1A in the online
supplement). Next, TF expression was quantified in passage 1
HAECsS using flow cytometry. An iterative gating strategy (Fig-
ure 1A) was used. Dead cells were excluded by 7-AAD staining,
and nonepithelial cells (hematopoietic cells, endothelial cells,
and fibroblasts) were excluded by CD45, CD31, and CD90
staining (Figure 1A). TF expression on live epithelial cells
was present in 97 * 5% (n = 14 donors) (Figure 1B). TF fluo-
rescence intensity was uniformly distributed about the mean,
indicating that TF positivity defined a single cell population.

To determine the phenotype of live/epithelial/TF+ cells, cyto-
spin preparations were stained for cell type—specific markers. Be-
cause motile cilia can be sheared during FLOW cytometry,
ciliated cells were detected by staining for -y tubulin. Basal bodies
expressing this antigen are located at the terminal plate of ciliated
cells and in the centrosomes of all cells. Mucus cells were detected
by staining for mucins MucSAC and Muc5B. Basal cells were
detected by staining for keratin 5. All TF-positive cells expressed
keratin 5 (Figure 1C). Thus, passage 1 HAECs were basal cells
and are henceforth called “‘basal cells.”

Basal Cells Express Active TF

TF initiates clotting by interacting with Factor VII in the pres-
ence of calcium, resulting in activation of Factor X. Factor Xa
then initiates conversion of prothrombin to thrombin, which con-
verts fibrinogen to fibrin. Thus, TF activity can be evaluated us-
ing an assay detecting cleavage of a Factor X substrate (9). Initial
experiments demonstrated that basal cell cultures expressed
active TF. This activity was proportional to basal cell number
(Figure E1B). TF activity was detected only when Factor VII
and Factor X were added (Figures E1C and E1D).

To determine if Factor Xa generation was TF dependent, vary-
ing numbers of basal cells were plated at low cell density and in-
cubated for 24 hours (Figure 1D). Cultures were then treated with
an isotype-matched control antibody or polyclonal anti-TF-
antibody for 30 minutes, and TF activity was assayed (Figure
1E). TF was detected in isotype IgG-treated cultures, and this
activity was proportional to the number of cells plated (Figure
1E). In contrast, cultures treated with TF antibody exhibited sig-
nificantly less TF activity at all cell inputs. To further evaluate TF
activity, basal cells were treated with human recombinant TFPI.
Vehicle-treated cultures exhibited cell-number—dependent TF ac-
tivity (Figure 1F). In contrast, TFPI-treated cultures exhibited no
detectable TF activity. The basal cells expressed active TF. We
suggest that fibrin formed from TF activity on basal cell surface
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Figure 1. Human tracheobronchial basal cells (HAECs) express tissue factor (TF). Passage 1 HAECs were cultured for 5 days on collagen-coated
plates as described in MaTeriaLs AND METHODS. Cells were harvested and stained, and fluorescence-activated cell sorting was performed. (A) Live cells
were defined as those that excluded 7-aminoactinomycin D (7-AAD), and epithelial cells were identified as those that did not stain with allophy-
cocyanin (APC)-tagged CD31 (endothelial cells), CD45 (hematopoietic cells), or CD90 (fibroblasts cells). (B) TF-positive cells were identified by
comparison of live epithelial cells that were stained with an isotype control (gray) and FITC-conjugated TF antibody (black). The data represent three
independent experiments performed with cells isolated from three different donors. (C) To determine if purified HAECs are basal cells, live,
epithelial, TF+, passage 1 HAECs were recovered by flow cytometry and deposited onto microscope slides using a cytocentrifuge. Because cilia
tend to be sheered during flow cytometry, y-tubulin was used to detect basal bodies located at the terminal plate of ciliated cells. Mucus cells were
detected by staining for MUC5AC and MUCS5B. Basal cells were detected by staining for keratin 5 (K5, purified basal cells, differentiated epithelial
cell cultures, and fixed tracheal tissues were used as positive controls). Positive controls for MUC5B and ~v-tubulin were also used. Images repre-
sentative of TF-positive cells from three donors are shown. (A) Secondary antibodies only. (B) y-Tubulin (green). (C) Muc5AC (red) and Muc5B
(green). (D) Keratin 5 (red). (D) Basal cells were allowed to adhere to collagen-coated plates for 24 hours and then treated for 30 minutes with an
isotype control antibody or antitissue factor antibody or with diluent or tissue factor pathway inhibitor (TFPI). TF activity was determined by the
S-2765 FXa substrate assay in the presence of Factor VII, Factor X, and CacCl,. (D) Effect of anti-TF antibody on TF activity. Squares, isotype control;
triangles, anti-TF antibody-treated cells. (E) Effect of TFPI treatment on TF activity. Squares, diluent control; triangles, TFPI treatment. Data are
presented as mean = SEM (n = 6). *P < 0.05 for control versus treated cultures.

serves as a cell attachment matrix. We also determined whether
the collagen matrix in these cultures was capable of affecting
TF-dependent FX cleavage. Collagen at concentrations used in
coating the plastic tissue culture dishes (coated or in solution)
did not affect TF activity (Figure E2).

TF Is Necessary for Basal Cell Survival

To determine if TF played a role in basal cell survival, TF mRNA was
knocked down using sShRNA technology (Figure 2A) using lentiviral
vector. Treatment with TF-shRNA decreased TF mRNA (Figure
2B) and protein (Figure 2C) expression by approximately 50%.
To determine if TF knockdown promoted cell death, caspase 3/7
release was measured in supernatant from shRNA-treated cultures.
This did not differ between control and nontarget shRNA-treated
cells (Figure 2D). However, caspase 3/7 levels increased approxi-
mately 2-fold in TF-shRNA-treated cells. To determine if cells
underwent apoptosis or necrosis, the Pl/annexin V flow cytometry
method was used (24). Treatment with nontarget shRNA increased
apoptotic cells 1.5-fold but did not increase the necrotic cell

frequency (Figure 2E). In contrast, treatment with TF-shRNA in-
creased apoptosis and necrosis 2-fold.

Proliferation of shRNA-treated cells was measured by [*H]
thymidine incorporation 48 hours after shRNA treatment. The
rate of proliferation did not differ between untreated and non-
target shRNA-treated cells but decreased by approximately
30% in cells treated with TF-shRNA (Figure 2F). These data
indicated a direct TF effect on basal cell survival and a second-
ary effect on basal cell proliferation.

Active TF Is Necessary for Basal Cell Survival

To determine if TF activity was required for basal cell survival,
cells adhered for 24 hours were treated with diluent or TFPI for
24 hours, and cell number was analyzed by the MTT assay (25)
(Figure 2G). TFPI treatment decreased cell number by 75% at
all cell inputs (Figure 2H), indicating that TF activity was nec-
essary for basal cell survival.

To investigate the mechanism of TFPI-induced basal cell at-
trition, basal cells adhered for 24 hours were treated with vehicle
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Figure 2. TF expression is nec-
essary for basal cell survival. (A)
Basal cells were cultured on
collagen-coated plates and
transduced with nontarget or
TF-specific short hairpin RNA
(shRNA). TF knockdown was
assayed 48 hours after transduc-
tion. Cell death was assayed
48 hours after transduction,
and proliferation was assayed
72 hours after transduction.
(B) TF mRNA abundance was
analyzed using quantitative re-
al-time RT-PCR. Fold TF indi-
cates the ratio of TF mRNA to
18 s rRNA normalized to 1 for
nontarget shRNA. (C) Western
blot analysis of TF protein abun-
dance. Lane 1, nontransduced
control; lane 2, nontarget shRNA;
lane 3, TF-specific shRNA-
transduced cells and B-actin
served as the loading standard.
(D) Caspase 3/7 activity was
measured in culture medium
using the Caspase-Glo 3/7 as-
say. Caspase 3/7 release indi-
cates the Iluminescence (in
relative luminescence units)
with the background signal
subtracted. (E) The mode of
cell death was evaluated in at-
tached cells and floating cells
using the annexin V (apopto-
sis) and Sytox Green (necrosis)
assay. The frequency of cells
that were apoptotic (white
bar) or necrotic (black bar) is
presented as a percent of all
cells. (F) Proliferation was
evaluated by analysis of (*H)-
thymidine incorporation. Fold
3H-thymidine  incorporation
indicates the counts per min-
ute for the test sample relative
to nontransduced control.
Each data set represents three
independent experiments per-
formed with cells isolated from
three different donors. The
data are presented as mean *=
SEM (n = 6). *P < 0.05 relative
to the nontransduced control.
#P < 0.05 relative to the non-
target shRNA treated control.
(G) To determine if active tis-
sue factor is required for basal

cell survival, basal cells were plated on collagen-coated plates and allowed to adhere for 24 hours. Cells were then treated with diluent or TFPI for
18 hours, and cell number, necrosis, and apoptosis were evaluated. (H) Cell number was evaluated using the MTT assay. (/) The frequency of
necrotic cells was determined by Sytox green assay. (/) The frequency of apoptotic cells was determined by annexin V apoptosis assay. The inset in
Iis a flow cytometry image for analysis of alive (peak A unstained), apoptotic (peak B, Annexin FITC), and necrotic (peak C, Sytox green) cells. Each
data set represents three independent experiments performed with cells isolated from three different donors. Data are presented as mean = SEM

(n = 6). *P < 0.05 relative to diluent controls. White bar, diluent; black bar, TFPI.

or TFPI and assayed for apoptosis and necrosis (Figures 2I and
2J). Treatment with TFPI increased the necrotic cell index
at each time point and the apoptotic cell index at the 4- and

18-hour time points as compared with diluent, which had no cell survival.

effect. Similar results were obtained when cell death was
assayed by caspase release or annexin binding (Figure E3).
These data confirmed that TF activity was necessary for basal
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Because caspase 3 is a key enzyme of final pathway of apo-
ptosis, to distinguish between extrinsic and intrinsic apoptotic
pathway, the role of caspase 8 and 9 in TFPI-induced basal cell
apoptosis was investigated. At 6 and 18 hours after TFPI treat-
ment, caspase 8 was significantly elevated (Figure E4A). How-
ever, caspase 9 was not significantly different (not shown),
indicating a major role of the extrinsic pathway.

Phosphorylation of the cytoplasmic domain may play an im-
portant role in TF-mediated cellular adhesion (26). We there-
fore investigated if TFPI treatment altered TF phosphorylation.
TFPI treatment did not affect TF phosphorylation (Figures E4B
and E4C). PARs phosphorylate the cytoplasmic domain of TF
(27). PAR agonists were used as positive controls in these stud-
ies, and they did increase phosphorylation of TF.

Basal Cells Express a Subset of Clotting
Cascade Components

TF initiates the extrinsic clotting cascade that requires multiple fac-
tors for propagation (28). These clotting factors may be supplied by
TF-expressing cells or by the surrounding environment. Thus, we
determined which clotting factors and related molecules were
expressed by TF-positive basal cells. Gene expression was assayed
by quantitative RT-PCR using cDNA substrate prepared from
basal cells and human liver, a positive control (Figure ESA).
mRNA abundance in basal cells was expressed as percentage of
that in liver. Gene expression was also evaluated in scratch-
wounded basal cells to determine potential coagulation factor
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induction by injury. Basal cells expressed high levels of TF, TFPI
(Figures E5B and ES5C), and fibrinogen y chain mRNA (Figure
ESH). In contrast, basal cells expressed very low levels of
thrombin, antithrombin, and Factor V and X mRNA (Figure
ES5SD-ES5G). Basal cells did not express detectable Factor VII or
IX mRNA (not shown). Thus, basal cells expressed an incom-
plete repertoire of clotting factors.

Basal Cells Form a TF-Dependent Fibrin Network
on their Surface

We sought to determine how TF activity promotes basal cell sur-
vival. It is known that activation of coagulation causes formation
of fibrin networks and that these networks can seal epithelial
defects (14, 15). We hypothesized that fibrin networks serve
as substrates for attachment of reparative cells. To test this
concept, basal cells were cultured at 80% confluence on glass
coverslips (submerged) or on air-liquid interfaces for 10 days.
FITC-labeled fibrinogen was used to determine if fibrinogen
was converted to fibrin (Figure 3A). Fibrin networks were
detected 30 minutes after adding labeled fibrinogen to sub-
merged or air-liquid interface cultures (Figure 3B, panels B
and G). Fibrin network formations were enhanced by pro-
thrombin, Factor VII, and Factor X (Figure 3B, panels C and
H). The addition of TFPI decreased cell surface fibrin networks
(Figure 3B, panels D and I), and the specific fibrin cross-linking
inhibitor peptide Gly-Pro-Arg-Pro (GPRP) (29) eliminated fibrin
networks (Figure 3B, panels E and J). Thus, basal cell-associated

Figure 3. Clotting cascade gene
expression and fibrin formation
in basal cells. (A) To determine if
basal cell-associated TF medi-
ates fibrin network formation,
basal cells were cultured on
collagen-coated glass coverslip
chambers (submerged mono-
layers) for 24 hours or on
collagen-coated snapwells at
the air-liquid interface for 7 days.
Cells were treated with TFPI or
peptide Gly-Pro-Arg-Pro (GPRP)
for 30 minutes before addition
of FITC-fibrinogen (Fbn) and
CaCl, or FITC-fibrinogen, pro-
thrombin  (prothro),  Factor
VIl (FVIl), Factor X (FX), and
CaCl,. Cells were incubated
for 30 minutes, and fibrin net-
work (green) formation was
evaluated using a fluorescence
microscope. Arrows indicate fi-

Fbn+Prothro
+FVII+FX

brin networks, white arrowheads indicate large fibrin networks, and open arrowheads indicate areas without fibrin networks. (B) Fibrin network
formation under various conditions. (A-E) Submerged cultures. (F—f) Air-liquid interface cultures. Treatment conditions: A and F, controls; Band G,
Fbn; C and H, Fbn+Prothro+FVII+FX; D and I, Fon+TFPI; E and J, Fon+GPRP. (C) Confocal microscopy of fibrin networks formed by submerged
basal cells treated with FITC-fibrinogen and CaCl; in HBSA for 30 minutes (please see online supplement). A merge of the differential interference
contrast (transmitted light) and green fluorescence image is shown. Inset shows a three-dimensional reconstruction of fibrin network. A video
demonstrating the z stacks is shown in online supplement (Figure 3 video1.mov). (D) Scanning electron microscopic analysis of fibrin networks on
the surface of basal cells. Basal cells were cultured on collagen-coated glass coverslips for 24 hours and treated with diluent, GPRG, or TFPI for
30 minutes. A second set of cultures was grown on collagen-coated plastic and transduced with nontarget or TF shRNA for 24 hours. Cultures were
then treated with CaCl, in HBSA and various additives: no factors (control); fibrinogen (Fbn); or Fbn, prothrombin (prothro), Factor VII (FVII), Factor
X (FX, 1 nM). Cells were then fixed and processed for scanning electron microscopy. Low magnification (mag) images of basal cells treated with
agent(s) indicated at the top of each column. Low Mag: X2,000; scale bar = 10 pm. High Mag: X25,000; scale bar = 1 um. White arrows, tight
network fibrin fibers on cell; white arrowheads, smooth cell surface; open arrowheads, fibrin networks of fibrin formed from exogenously added
fibrinogen; open arrows, larger fibrin aggregates. (E) Scanning electron microscopy analysis of fibrin upon TF inhibition using TFPI and TF shRNA in
basal cells. Arrows as indicated in D. Scale bar = 10 pm.
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TF-initiated conversion of fibrinogen to fibrin was enhanced by
added coagulation factors and was dependent on active TF. The
location of the fibrin network was examined by confocal micros-
copy. Incubation of basal cells with FITC-conjugated fibrinogen
in serum-free medium caused formation of dense fibrin networks
(Figure 3C, and see video 1.mov in the online supplement). Fibrin
network formation was inhibited by the thrombin inhibitors
(hirudin and PPACK) and indicated that this process required
thrombin (not shown). Finally, fibrin networks required calcium
and were fully inhibited by 1 mM EDTA (not shown). Thus,
TF-mediated formation of fibrin networks occurred at the basal
cell surface.

Ultrastructural Characteristics of the Fibrin Network

To evaluate cell surface fibrin networks in greater detail, basal cell
surfaces were examined by scanning electron microscopy. In control
basal cells grown in serum-free medium, ruffled fibrin filaments
were detected (Figure 3D, panels I and 2). These extended to
neighboring cells and covered surfaces of untreated control cells.
Cells treated with fibrinogen had larger, thicker fibrin networks
that frequently formed floating spheres (Figure 3D, panels 3 and
4). The addition of Factor VII, Factor X, and prothrombin resulted
in more extensive networks (Figure 3D, panels 5 and 6). Under
these conditions, the cell surface appeared to be more ruffled and
was coated with thicker fibrin filaments. Treatment with cross-
linking inhibitor GPRP decreased fibrin filament density (Figure
3D, panels 7 and 8), and the diminished networks resembled short-
ened stalks (more images in Figure E6). Thus, basal cells formed
fibrin networks at their surfaces, the extent and complexity of
which were increased by the addition of coagulation cascade fac-
tors and components.

To determine if TF activity was necessary for fibrin network
formation, basal cells were treated with TFPI and evaluated by
scanning electron microscopy. TFPI decreased fibrin network
formation and resulted in a smoother cell surface (Figure 3D,
panels 1 and 2). Knockdown of TF by shRNA decreased fibrin
network relative to cells transfected with nontarget shRNA
(Figure 3E, panels 3 and 4). Thus, basal cell-derived TF expres-
sion and activity are required for cell surface fibrin network
formation.

Fibrin Network Formation Is Necessary for Basal
Cell Survival

To further determine if fibrin network was necessary for basal
cell survival, cells were allowed to adhere for 24 hours and trea-
ted with diluent or tissue-type plasminogen activator (tPA) (Fig-
ure 4A). tPA is a serine protease that is found in a variety of
mammalian tissues, including airway epithelial cells (30). It con-
verts plasminogen to plasmin, which is a key activity involved in
fibrinolysis. Caspase 3/7 release and cell number were measured
18 hour after tPA treatment. tPA treatment increased apoptosis
(Figure 4B) and decreased cell number (Figure 4C) at each cell
input. The extent of cell death induced by tPA was similar to
that caused by TFPI, as shown by experiments that used an
equivalent basal cell to tPA molecule ratio to those used in
studies involving TFPI-induced cell death (1:7 for TFPI and
1:9 for tPA at 280 nM) (Figures E7A and E7B). We also used
Gly-Pro-Arg-Pro (GPRP), a peptide inhibitor of fibrin cross-
linking, to further assess the role of fibrin network in basal cell
survival. Treatment with GPRP enhanced basal cell apoptosis
and decreased proliferation (not shown). The loss of cell viabil-
ity by disruption of fibrin network using tPA and/or GPRP
confirmed that TF-mediated formation of cell surface fibrin net-
works promoted basal cell survival.
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Figure 4. The fibrin network is necessary for basal cell survival. (4) Basal
cells were allowed to adhere for 24 hours and then treated for 18 hours
with diluent or tissue plasminogen activator (tPA). Apoptosis and cell
number were assayed. (B) Caspase 3/7 activity was measured in culture
medium and using Caspase-Glo 3/7 assay. Caspase 3/7 release indicates
luminescence (in relative luminescence units) with the background signal
subtracted. White bars, control (diluent); black bars, tPA. (C) Cell number
was determined using the MTT assay. White bars, control (diluent); black
bars, tPA. Each data set represents three independent experiments per-
formed with cells isolated from three different donors. Data are presented
as mean = SEM (n = 8). *P < 0.05 for diluent versus tPA.

TF Activates Protease-Activated Receptors Isoforms
1 and 2, Allowing Basal Cell Survival

TF also activates protease-activated receptor isoforms 1 and 2
(PARI1 and PAR2) (31). PAR1 and PAR?2 expression in airway
epithelial cells has been described (32). We confirmed expres-
sion of PAR1 and PAR2 mRNAs in basal cells by qRT-PCR
analysis (Figure SA). These were not significantly modified by
scratch injury (Figures 5B and 5E).

PARs mediate their effects by mobilizing cytosolic calcium.
We used PAR1 and PAR?2 peptide antagonists and the cyto-
solic calcium-sensing dye Fluo-4AM to determine if basal cells
expressed active PAR1 and PAR2. Treatment with the PAR1
antagonist 3-mercaptopropionyl-F-Cha-Cha-RKNDK-NH?2 or
with the PAR2 antagonist FSLLRY-NH2 demonstrated that
basal cells expressed active PAR1 (Figures 5C and 5D) and
PAR?2 (Figures 5F and 5G). To determine if baseline basal
cell PAR1 or PAR2 could be activated further, we treated
basal cells with PAR1 agonist TFLLRN or PAR2 agonist
SLIGRL-NH2. Both stimulated calcium mobilization (Fig-
ures 5C, 5D, 5F, and 5G). Agonist-induced PARI1 activity was
specifically inhibited by PAR1 antagonist and partially inhibited
by PAR2 antagonist. Similarly, agonist-induced PAR2 activity
was inhibited by the PAR2 antagonist and partially inhibited by
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the PARI1 antagonist. Thus, basal cells expressed active PARs,
and their baseline activity was submaximal.

To determine if active TF was necessary for PAR activation, basal
cells were attached for 24 hours, loaded with Fluo-4-AM, and treated
with diluent or TFPI (30 min). Agonist-mediated PAR activities were
assayed 30 minutes later (Figure 6A). TFPI completely inhibited
agonist-mediated PAR1- or PAR2-dependent cytosolic calcium mo-
bilization (Figure 6B). To determine if agonist or antagonist-treated
cells were viable and if PAR inhibition was specific, ATP-induced
cytosolic calcium signaling was evaluated. This response was unaf-
fected upon TF inhibition (not shown). These data indicated that
active TF was necessary for PAR1 and PAR?2 activation.

TF Functions Upstream of PAR1 and PAR2 to Promote Basal
Cell Survival

The previous data sets indicated that TF activated coagulation and
PAR1/2. To determine the order in which these two pathways func-
tioned, we first determined if pretreatment with PAR agonists or
antagonists could overcome the TFPI-mediated decrease in basal
cell survival and number. Basal cells were adhered for 24 hours and
treated with PAR agonists or antagonists for 8 hours. Cells were
then treated with diluent or TFPI apoptosis, and cell number was
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assayed 18 hours after treatment (Figure 6C). TFPI treatment
increased apoptosis as indicated by caspase 3/7 release (Figure
6D). Prior agonist-mediated activation of PAR1 or PAR2 re-
versed TFPI-mediated apoptosis. Similar results were obtained
when basal cells were incubated with a combination of PAR1
and PAR2 agonists (not shown). These data indicated that TF
functioned upstream of PAR1 and PAR2.

We next evaluated the effect of diluent/TFPI after antago-
nism of PAR1 or PAR?2. Inhibition of PAR1 or PAR2 by their
antagonists did not alter TFPI-induced caspase release (Figure
6D). However, antagonist treatment followed by TFPI treat-
ment increased caspase release 2.5-fold (Figure 6D). The basal
levels of caspases may be nonspecific, pertinent to the culture
system and methods, and not affected by PARs. The additive
effect of PAR antagonism and TF inhibition suggested that TF
functioned in two processes—PAR activation and fibrin net-
work formation—and that the function of both pathways was
necessary for basal cell survival.

We then determined if pretreatment with PAR agonists or
antagonists overcame the TFPI-induced decrease in basal cell
proliferation. As indicated, basal cells were treated with agonist
or antagonist followed by diluent or TFPI. Cell survival was de-
termined using MTT assay 18 hours later (Figure 6E). As shown
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previously, TFPI-treatment decreased basal cell number relative
to vehicle treatment (Figure 6E). Prior activation of PAR1 or
PAR2 receptors by their respective agonists prevented the
TFPI-mediated decrease in cell number. Preinhibition of PAR1
or PAR2 by treatment with their respective antagonists resulted
in decreased basal cell number. This effect was exaggerated by
TFPI treatment. We also evaluated if PAR activation protected
against TF knockdown-induced basal cell apoptosis. PAR acti-
vation significantly decreased caspase release in TF-shRNA-
transduced basal cells (Figure E8). These data also supported
the conclusion that TF played a role in multiple basal cell sur-
vival pathways.

TF-Dependent Fibrin Network Formation and PAR Activation
Cooperate To Promote Basal Cell Survival

To determine if TF-dependent activation of coagulation and of
PAR receptors occurred in parallel or sequence, basal cells were
adhered for 24 hours and treated with PAR1 or PAR?2 antagonist.
Two hours later, fibrin networks were evaluated in the presence of
fibrinogen and calcium chloride (Figures E9B, E9E, and E9H). Fi-
brin network formation was not altered by PAR1 or PAR2 antag-
onism. Similarly, the extensive fibrin network that formed in the
presence of added prothrombin, Factor VII, and Factor X was
not altered by PAR inhibition (Figures E9C, E9F, and E9I). These
data suggested that the basal cell-associated TF functioned as part
of two distinct cascades: () PAR1 and PAR2 activation and (2)
initiation of coagulation (Figure 7).

DISCUSSION

The purpose of this study was to determine the impact of TF-
dependent coagulation and PAR activation on basal cell survival.
Cell surface TF-dependent coagulation was previously demonstrated
in the human lung, transformed tracheal epithelial cells, and

bronchial epithelial cells or cell lines (19, 33). Antibodies
against TF, fibrinogen, and FXIIIa inhibited repair (19). De-
spite these important findings, their significance has not been
extended beyond those in transformed or malignant cells.

TF is a marker for nasal and embryonic basal cells (16-18). We
showed that all first-passage human tracheobronchial epithelial cells
were keratin 5—positive basal cells that also expressed TF. Thus, TF
is also a marker for tracheobronchial basal cells. Basal cells play
dual roles in airways by attaching epithelium to the airways and by
serving as stem or progenitor cells (16, 34-36). Tracheobronchial
basal cells can restore a fully differentiated epithelium in vitro (16,
36). TF-expressing basal cells from nasal airways had several-fold
greater colony forming ability than TF-negative columnar epithelial
cells (16). Thus, TF expression in human tracheal basal cells may
have critical functions beyond coagulation.

We showed that basal cell-associated TF was active, whereas
TF activity was regulated by the availability of coagulation cas-
cade factors VII and X. Our data contrast with those from
bronchial epithelial cell lines wherein mechanical injury caused
fibrin matrix formation and rapid generation of FVII, VX,
FXIIIa, D-dimers, fibrinogen, and soluble fibrin. These data
suggest that an important difference between primary basal cell
isolates and cell lines is the selection of cells that express a more
complete spectrum of preformed coagulation proteins (19). The
limited detectability of some of the clotting factors, such as
FVII in primary basal cell isolates, could be due to short mRNA
half-lives (37). However, our functional assays and kinetic anal-
yses indicate that basal cell-associated TF activity is dependent
on added FVII and FX. The present study suggests that human
tracheobronchial basal cells contribute to fibrin formation, but
this activity is dependent upon additional plasma-derived fac-
tors. This codependence may be critical to regulate fibrin for-
mation in airways such that this does not occur except when
vascular integrity is compromised.
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Figure 7. Roles played by TF in basal cell survival. Schematic represen-
tation of TF-mediated fibrin network formation and PAR activation pro-
viding basal cell survival attachment and proliferation to potentially
restore injured airway epithelium.

We found that TF inhibition caused extensive basal cell apopto-
sis and necrosis. Thus, TF affects cell functions that may not be
related to TF’s clotting function. The TF-FVIla complex is known
to activate PARs, promoting cell survival and proliferation (38).
The antiapoptotic role of TF was demonstrated previously in
TF-positive BHK cells where FVIIa binding to TF protected
against apoptosis induced by growth factor deprivation (39).
The TF/FVIIa complex in another study also activated antiapop-
totic proteins like Bcl2, and TF inhibition enhanced apoptotic cell
death in certain tumor cells (40). Furthermore, TF overexpression
in cardiomyocytes protected against TNF-induced apoptosis (41).
By contrast, TF inhibition via TFPI also caused FAS ligand-
mediated apoptotic cell death in macrophages (42). In vascu-
lar smooth muscle cells, TFPI induction caused inhibition of
proliferation and enhanced apoptosis (43). Although TF-mediated
fibrin deposition and consequent pathogenesis of airway disease
has been reported, we now establish a role of TF in promoting
airway epithelial cell and basal cell survival.

We showed that TF was necessary to form basal cell-associated
fibrin networks. Indeed, fibrin network formation by blood vessel-
associated cell types has been previously noted. For example, cell
surface fibrin formation from exogenously added fibrinogen was
found in fibroblasts, where thrombin, FVII, and FX additives were
required (22). TF expression and fibrin on smooth muscle cell sur-
faces promotes proliferation via a thrombin- and PAR-dependent
mechanism (44). Although human bronchial epithelial cell line
16HBE can up-regulate fibrinogen upon wounding, direct dem-
onstration of fibrin network formation by primary basal cells is
a new finding. This study is also unique in using scanning elec-
tron microscopy to demonstrate TF-dependent fibrin networks
on basal cell surfaces. Inhibition by GPRP confirmed that the
ruffled structure on epithelial cell surfaces was fibrin. In sum,
human airway epithelial basal cells support formation of fibrin
networks on their surfaces, and this process favors proliferation.

Given the role of PARs in coagulation-dependent signaling,
we suspected that PARs might be active in basal cells. PARs

contribute to tissue responses to injury, including repair and cell
survival (45). PARs are widely expressed within the respiratory
tract, and PAR1 and PAR?2 are the dominant isoforms in tracheal
epithelium (46). Previous studies suggested that PARs are impor-
tant in downstream TF-dependent effects (47). We report here
that TF was necessary for optimal PAR1 and PAR?2 activity.

This study indicates that PARs confer prosurvival and pro-
proliferative effects of TF. PAR1 and PAR?2 activation, via li-
gand binding, may also activate TF (27). Thus, PAR signaling
may “self-amplify” or feed forward. Binding of TF to FVIla
activates PARs and regulates prosurvival proteins, thereby
influencing proliferation and survival (48). Binding of active
Factor VII causes cytosolic calcium mobilization and signal
transduction via mitogen-activated protein kinase phosphoryla-
tion (49). Factor VII-dependent PARI1 signaling promotes bar-
rier function in endothelium (50). PAR2 can also be protective
against virus-induced lung injury (51). By contrast, PAR2-
dependent increases in TF-dependent fibrin formation and
myofibroblast differentiation may promote pulmonary fibro-
sis (52). Here we report that PARs confer the prosurvival and
proproliferative effects of TF in airway epithelial basal cells.
Downstream signaling and procoagulant effects seem to be re-
quired. Because TF, fibrin networks, and PAR activation were
important for basal cell proliferation, we suggest that TF medi-
ates basal cell attachment and survival, leading to proliferation
(Figure 7). We propose, therefore, that TF activity contributes
to repair of mucosal surfaces by promoting extravascular provi-
sional fibrin matrix formation, allowing survival and prolifera-
tion of airway epithelial basal cells.

These data may indicate a new direction for tissue engineer-
ing in the large airways. Recent studies indicated that fibrin gels
can be used to form or reinforce cellular scaffolds, control release
and delivery of gene therapy, slowly release and deliver growth
factors, and store and/or deliver cell-based therapies (53). Fibrin
can direct cell migration and homing of circulation-derived cells
and may direct proliferation, differentiation, and gene expres-
sion (54, 55). The current study enhances our understanding of
the potential utility of fibrin in the regeneration or replacement
of large airway epithelium and advances a TF-centered ap-
proach to scaffolds, provisional matrices, and cell-based treat-
ment of large airways.
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