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Abstract

Tissue factor (TF) initiates the extrinsic coagulation cascade in
response to tissue injury, leading to local fibrin deposition. Low levels
of TF in mice are associated with increased severity of acute lung
injury (ALI) after intratracheal LPS administration. However, the
cellular sources of the TF required for protection from LPS-induced
ALI remain unknown. In the current study, transgenic mice with
cell-specific deletions of TF in the lung epithelium or myeloid cells
were treated with intratracheal LPS to determine the cellular sources
of TF important in direct ALI. Cell-specific deletion of TF in the lung
epithelium reduced total lung TF expression to 39% of wild-type
(WT) levels at baseline and to 29% of WT levels after intratracheal
LPS. In contrast, there was no reduction of TF with myeloid cell TF
deletion.Mice lackingmyeloid cell TF did not differ fromWTmice in
coagulation, inflammation, permeability, or hemorrhage. However,
mice lacking lung epithelial TF had increased tissue injury,
impaired activation of coagulation in the airspace, disrupted alveolar
permeability, and increased alveolar hemorrhage after intratracheal
LPS. Deletion of epithelial TF did not affect alveolar permeability

in an indirectmodel of ALI caused by systemic LPS infusion. These
studies demonstrate that the lung epithelium is the primary source
of TF in the lung, contributing 60–70% of total lung TF, and
that lung epithelial, but not myeloid, TF may be protective in
direct ALI.
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Clinical Relevance

This study evaluates the role of tissue factor (TF) in direct acute
lung injury using cell-specific genetic approaches. We identify
the lung epithelium as the major source of TF in the airspace.
Loss of epithelial TF increases lung injury, impairs coagulation,
results in lung hemorrhage, and disrupts alveolar–capillary
barrier permeability. These findings identify a potential new
target for treatment of severe lung injury in humans.

A pathologic hallmark of severe acute lung
injury (ALI) in humans is intra-alveolar
fibrin deposition, forming hyaline
membranes lining the airspace (1).
Activation of the tissue factor (TF) pathway
is a major driver of coagulation in the

airspace (2–5). We previously
demonstrated a critical role for TF
in protection from ALI caused by
intratracheal LPS administration (2). LTF
mice, which lack murine TF and express 1%
of endogenous levels of human TF to

overcome embryonic lethality, developed
more severe ALI in response to
intratracheal LPS than littermate controls.
LTF mice had a local coagulation defect
in the airspace, increased histologic lung
injury, increased alveolar–capillary
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permeability, increased alveolar
hemorrhage, and a trend toward increased
airspace inflammation. Administration of
recombinant murine TF into the airspace
in LTF mice restored local procoagulant
activity and attenuated hemorrhage and
permeability defects. In human patients
with severe ALI, TF is elevated more than
100-fold in the alveolar space compared
with plasma (3), suggesting a local source of
TF production in the airspace. These data
together suggest that TF may be protective
in direct ALI, and that there is a local
source of TF in the airspace. Improved
understanding of the mechanisms that
underlie the beneficial effect of TF and
the specific cellular sources of TF in the
airspace are needed to develop new
TF-targeted therapies for ALI.

In the lung of both humans andmice, TF
is expressed by the lung epithelium and by
inflammatory cells (3, 6–9), including myeloid
cells. In addition, TF can be strongly induced
on epithelial cells, macrophages, and other
cell types in vitro (10–16). The cellular
sources of TF that drive the protective effects
of TF during direct ALI, and the mechanisms
of the protective effects of TF in the airspace,
are currently unknown. Several previous
studies suggested that inflammatory cells,
specifically alveolar macrophages, have
intense up-regulation of TF protein and
activity in LPS models, bleomycin-induced
lung injury, and human ALI (8, 9, 17).
However, emerging data point to the alveolar
epithelium as a critical mediator of intra-
alveolar coagulation (3, 6, 9, 18, 19). We
hypothesized that TF expression on the
alveolar epithelium is a critical mediator
of coagulation, inflammation, and
permeability during direct lung injury caused
by LPS. To test this hypothesis, we induced
lung injury with intratracheal LPS
administration in mice with cell-specific
deletions of TF in lung epithelial cells
(TFΔLEpi) or cells of myeloid lineage (TFΔmye).

Materials and Methods

Transgenic Mice
Cell-specific deletion of TF was
accomplished using the Cre/Lox system
(20). Homozygous floxed TF mice on
a C57Bl/6 background (21) were bred with
heterozygous LysM.Cre mice (22) (Jackson
Laboratories, Bar Harbor, ME) or
heterozygous SPC.Cre mice (23, 24).
Experiments compared 8- to 16-week-old

male and female mice with lung epithelial
TF deletion (SPC.Cre1/2TFflox/flox, referred
to as TFΔLEpi) or myeloid cell TF deletion
(LysM.Cre1/2TFflox/flox, referred to
as TFΔmye) with littermate controls
(Cre2/2TFflox/flox, wild-type [WT]).
All experiments were approved by the
Vanderbilt Institute for Animal Care and
Use Committee.

Models of ALI
For direct LPS-induced lung injury, mice
were anesthetized with isoflurane and
treated with 10 mg LPS in 100 ml
(Escherichia coli, LPS; Sigma, St. Louis,
MO) or 100 ml PBS (control; Mediatech,
Manassas, VA) by intratracheal injection
(2, 25). Indirect lung injury was induced by

continuous infusion of LPS (8 mg/h for 24 h)
or equal volume PBS delivered by osmotic
pump (Durect, Cupertino, CA) with a single
intraperitoneal dose of LPS (3 mg/mouse) or
PBS at the time of pump implantation (26).

Sample Collection
At each time point, mice were killed and
bronchoalveolar lavage (BAL) performed.
Lungs were removed and flash frozen. All
samples were stored at 2808C until further
study. For histologic analysis, lungs were
perfused with saline and inflated with
formalin, as previously reported (2).

TF Protein Detection
Murine TF immunostaining was performed
using goat polyclonal anti-TF antibody
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Figure 1. Cell-specific deletion of tissue factor (TF) and quantification of the cellular sources of TF.
Immunohistochemistry for TF in lungs from (A) wild-type mice (WT), (B) mice with cell-specific deletion of TF
in lung epithelial cells (TFΔLEpi), and (C) mice with deletion of TF in cells of myeloid lineage (TFΔmye) treated
with intratracheal LPS for 24 hours. (A) TF expression on alveolar epithelium (arrows) and macrophages
(inset). (B) Elimination of epithelial TF in TFΔLEpi mice (inset is no primary antibody staining). (C) Elimination of
myeloid TF in TFΔmye mice (inset is no primary antibody staining). Magnification is310 for larger panels and
340 for insets. (D) Western blot for TF and actin loading controls in lung homogenates with (E)
quantification of relative expression of TF protein normalized to actin. Statistics performed by two-way
ANOVA followed by Student’s t tests comparing PBS versus LPS, WT versus TFΔLEpi, and WT versus
TFΔmye. (F) Quantification of TF expression by ELISA after intratracheal LPS. Statistics performed by one-
way ANOVA with post hoc Tukey comparison between genotypes. Bars represent mean6 SE.
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(catalog no. AF3178; R&D Systems,
Minneapolis, MN) followed by a biotinylated
rabbit anti-goat secondary antibody
(Innogenex, San Ramon, CA) (2). For
Western blotting, equal amounts of total
protein in whole-lung homogenates (collected
after BAL) in radioimmunoprecipitation assay
buffer were separated by SDS-PAGE (2) and
the amount of TF was quantified by
densitometry after probing with a goat anti-
TF primary antibody (R&D Systems) and
Li-COR donkey anti-goat secondary antibody
(Odyssey, Lincoln, NE). For quantification by
ELISA, a novel assay was developed using
established methods for assay development
and optimization (27). For this ELISA, TF was
quantified in whole-lung homogenates using
a rat monoclonal anti-TF antibody for antigen
capture (generously provided by D. Kirchofer,
Genentech, San Francisco, CA) and a goat
polyclonal anti-TF antibody for detection
(R&D Systems), alongside a standard curve of
known quantities of purified recombinant TF
(R&D Systems).

Measurements of ALI
BAL clot time, cell counts with differentials,
microparticles, protein, hemoglobin, and
cytokine concentrations were measured as
previously described (2, 28, 29). For histology,
formalin-fixed and paraffin-embedded lung
sections were stained with hematoxylin and
eosin and subsequently scored for septal
thickening, edema, inflammation, and
hemorrhage in a blinded fashion (2, 30).

Statistical Analysis
All statistical analyses were done with SPSS
version 22 for Macintosh (IBM, Armonk,
NY) with statistical consultation. A P value
less than 0.05 was considered statistically
significant. Three genotypes and two
treatment groups were compared by two-way
ANOVA, followed by Student’s t tests
comparing genotypes (WT versus TFΔLEpi or
WT versus TFΔmye) or treatments (PBS versus
LPS) as indicated based on the ANOVA
results. Three genotypes and one treatment
group were compared by one-way ANOVA,
followed by post hoc Tukey comparison.
Nonnormally distributed data were natural
log transformed before analysis.

Results

Cell-Specific TF Deletion
Immunohistochemistry for TF on lung
sections from WT mice treated with

intratracheal LPS demonstrated expression
of TF in the lung epithelium and in alveolar
macrophages (Figure 1A), similar to the
expression pattern seen in humans with
ALI (3). To study the relative contribution
of TF from different cellular sources to ALI,
we generated mice with constitutive cell-
specific deletions of TF. Immunostaining
for TF confirmed cell-specific deletion
(Figures 1B and 1C). SPC.Cre1/2TFflox/flox

(TFΔLEpi) mice lack TF expression in the
lung epithelium, including the alveolar
epithelium (Figure 1B). TFΔmye mice lack
TF expression on cells of myeloid lineage,
including macrophages, monocytes, and
neutrophils (Figure 1C). To confirm that
cell-specific TF deletion did not alter
circulating inflammatory cell populations,
peripheral white blood counts and
differentials were assessed, and there were

no significant differences between
WT, TFΔLEpi, and TFΔmye mice at baseline
(data not shown).

The Majority of TF in the Lung Is
Expressed on the Lung Epithelium
To determine the relative contributions of
lung epithelial versus myeloid TF to total
lung TF expression after intratracheal LPS,
TF protein levels were measured in lung
homogenate by Western blotting (Figures
1D and 1E) and by ELISA (Figure 1F). WT
mice increase TF expression after LPS
treatment. TFΔmye mice had equivalent
levels of TF in the lung homogenate as
compared with WT controls both at
baseline (control, PBS treatment) and after
intratracheal LPS, with no increase in TF
after LPS treatment. In contrast, at baseline,
TFΔLEpi mice had 39% TF expression
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Figure 2. TF on the lung epithelium is required for activation of coagulation in the airspace. (A)
Bronchoalveolar lavage (BAL) clot time, expressed as percent of WT PBS, measured by plasma
recalcification time, decreases in response to intratracheal LPS treatment. (B) Clot times are
prolonged in TFΔLEpi mice after treatment with either PBS or LPS. (C) Procoagulant activity is
present in BAL microparticles in WT and TFΔmye mice but not in TFΔLEpi mice. (D) BAL microparticle
concentrations are similar in all genotypes after intratracheal LPS. For BAL clot times, subsequent
Student’s t tests compared PBS versus LPS in each genotype, and WT versus TFΔLEpi and WT versus
TFΔmye in each treatment. For microparticle concentration, subsequent t tests compared PBS versus
LPS in each genotype. Bars represent mean6 SE; statistical analysis performed by two-way ANOVA.

ORIGINAL RESEARCH

Shaver, Grove, Putz, et al.: Epithelial Tissue Factor in Acute Lung Injury 721



compared with WT controls. After
intratracheal LPS, TFΔLEpi mice were unable
to increase TF expression and had 29% TF
levels compared with WT controls. This
confirms that the lung epithelium is the
major source of TF in the lung both basally
and after LPS stimulation, with minimal
contribution from lung myeloid cells.

Timing of TF Activity after Injury
We have previously shown that the
procoagulant activity in BAL fluid is TF
dependent (2, 3). To determine the kinetics
of TF up-regulation and activation of
alveolar procoagulant activity after LPS
administration, WT mice were treated with
intratracheal LPS and BAL samples were
collected at various times after injury.
Compared with mice treated with PBS,
mice treated with LPS had shortening of the
BAL clot time, indicating increased
procoagulant activity (Figure 2A),
beginning at 24 hours and persisting for 72
hours. The 24-hour time point was selected
for the remainder of the experiments.

Epithelial TF, but Not Myeloid TF,
Is Responsible for Procoagulant
Activity in the Airspace
Clot times, as a reflection of TF
procoagulant activity, were measured in
BAL samples from TFΔLEpi and TFΔmye mice
24 hours after treatment with intratracheal
PBS or LPS (Figure 2B). Similar to WT
mice, TFΔmye mice showed shortening of
BAL clot time in response to LPS. In
contrast, TFΔLEpi had prolonged clot times
at baseline and failed to reduce clot time
after LPS exposure, suggesting that lung
epithelial TF was the critical mediator of
intra-alveolar procoagulant activity. TFΔLEpi

mice also had prolonged clot times in
whole-lung homogenates compared
with WT or TFΔmye mice after LPS
administration (data not shown),
confirming that the lung epithelium was
the dominant source of TF procoagulant
activity in the lung. Because alveolar
epithelial cells produce TF-bearing
microparticles during ALI (29), we next
tested whether the procoagulant activity
in the airspace of mice treated with
intratracheal LPS was dependent on
microparticle generation. BAL fluid from
WT and TFΔmye mice, but not from
TFΔLEpi mice, contained procoagulant
microparticles both at baseline and after
LPS administration (Figure 2C). The lack
of microparticle procoagulant activity in

TFΔLEpi mice was not due to a defect in
microparticle release (Figure 2D), as total
microparticle levels were similar, but
because microparticles from TFΔLEpi mice
lacked procoagulant activity. These findings
are consistent with the lung epithelium
being the major source of TF procoagulant
activity in the airspace during ALI.

Deletion of Lung Epithelial TF Leads
to Increased Histologic Lung Injury
After intratracheal LPS administration,
histologic analysis of injured lungs showed that
TFΔLEpi mice had increased indices of lung

injury compared with WT or TFΔmye mice
(Figures 3A–3D). The total lung injury score
was increased in TFΔLEpi mice compared with
WT (Figure 3E). Edema, septal thickening,
hemorrhage, and inflammation were each
increased in TFΔLEpi mice compared withWT,
but there were no significant differences
between WT and TFΔmye mice (Figure 3F).

Neither Epithelial nor Myeloid TF
Modulates BAL Lung Inflammation
In the airspace, WT, TFΔmye, and TFΔLEpi mice
each had increased numbers of inflammatory
cells in BAL fluid after LPS treatment
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compared with mice treated with PBS
(Figure 4A) with no differences among
the mouse genotypes. The majority of the
infiltrating cells were neutrophils with the
remainder being macrophages (Figures
4B–4C). Consistent with these data,
concentrations of several proinflammatory
cytokines and chemokines in BAL fluid were
increased after intratracheal LPS as compared
with intratracheal PBS, with only subtle
differences between TF genotypes (Figure 4D).

Epithelial TF, but Not Myeloid TF,
Regulates Lung Permeability
Total levels of protein in the BAL fluid were
increased in all mice treated with LPS
compared with those treated with intratracheal
PBS (Figure 5A). TFΔLEpi mice had increased
BAL protein levels after LPS administration
compared with WT mice, demonstrating
that epithelial TF was a major regulator of
alveolar permeability. TFΔLEpi mice also had
significantly higher cell-free hemoglobin levels
in the BAL after LPS treatment than WT
mice, consistent with the increased alveolar
hemorrhage seen by histology (Figures 5A
and 3F). In TFΔLEpi mice specifically, the
increase in BAL protein is not explained by
increased cell-free hemoglobin, as hemoglobin
is 18% of the total protein measured. To
determine whether increased permeability
and hemorrhage were due to ultrastructural
changes in the alveolar–capillary barrier,
transmission electron microscopy was
performed on mice treated with intratracheal
LPS. While WT mice had preserved epithelial
integrity after LPS treatment, TFΔLEpi mice
showed detachment of both type I and type II
alveolar epithelial cells from the basement
membrane (Figures 5B and 5C). There were
no ultrastructural abnormalities detected in
the endothelium.

TF on the Lung Epithelium Mediates
Airspace Procoagulant Activity, but
Not Permeability, during Indirect ALI
Because of the major effects of epithelial TF
on coagulation and permeability after direct
ALI caused by intratracheal LPS, we next
tested whether epithelial TF had a similar
function during indirect lung injury caused
by systemic LPS delivery. There was no
difference in BAL clot times betweenWT and
TFΔLEpi mice after implantation of PBS-
containing osmotic pumps. In contrast,
TFΔLEpi mice given systemic LPS via
osmotic pump showed reduced airspace
procoagulant activity as compared with WT
mice (Figure 6A). All groups of mice treated

with systemic LPS demonstrated increased
alveolar–capillary permeability, as measured
by increased BAL protein (Figure 6B).
However, in contrast to direct ALI, TFΔLEpi

mice had similar permeability to WT mice.

Discussion

The data presented in this article support
a critical role for TF expressed on the lung
epithelium, but not on myeloid cells, in the

response to direct ALI from intratracheal LPS
administration. The majority of the
abnormalities that we previously observed in
LTF mice after LPS-mediated injury (2) are
recapitulated by absence of TF on the lung
epithelium. These findings add to a growing
literature showing that coagulation in the
airspace is regulated by lung epithelial cells
rather than inflammatory cells (3, 9, 29, 31).
Our group has previously reported increased
levels of TF in pulmonary edema fluid of
patients with acute respiratory distress
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syndrome compared with patients with
hydrostatic pulmonary edema (3). Another
study showed that TF on microparticles had
procoagulant activity in the airspace of
patients with acute respiratory distress
syndrome (29). Others have shown that
the alveolar space contains procoagulant
proteins after intra-alveolar injury (9). The

current study adds to these data by showing
that the lung epithelium is the major
source of TF during direct ALI and identifies
the local source of TF that modulates both
procoagulant activity and alveolar
permeability.

Conversely, TF expressed on myeloid
cells did not have a major impact on lung

injury, inflammation, or permeability in this
injury model. The lack of effect of deletion of
myeloid TF in ALI is an unexpected finding,
and provides new insight into the regulation
of local coagulation in the airspace. It is
well established that alveolar macrophages
express TF (8–10, 18). Two studies
of bleomycin-induced lung injury
demonstrated strong up-regulation of TF
mRNA (8) and protein expression (18)
on macrophages during ALI. TF mRNA
was at least sixfold more pronounced in
macrophages than changes in TF in
epithelial cells (8). Two other studies
suggested a procoagulant role for
hematopoietic sources of TF in a model of
endotoxemia (9, 10). It is important to note
that these studies of myeloid TF were
done on myeloid cells isolated from mice
and studied in culture, so, although TF
up-regulation on individual macrophages
may be robust, the overall contribution to
total TF activity in the airspace is
minimal. Our data demonstrate that,
although loss of myeloid TF has limited
impact on the total TF expression in the
lung after intratracheal LPS, myeloid TF
has no demonstrable effect on the
severity of ALI. Furthermore, our data
define the cell-specific roles of TF in vivo
for the first time, and demonstrate that
TF on the lung epithelium not only
comprises the majority of total lung TF,
but also has an important role in lung
epithelial barrier integrity in direct lung
injury. Finally, we show that loss of epithelial
TF impairs airspace coagulation after
systemic LPS administration, but that TF
does not regulate epithelial permeability in
this model.

Neither epithelial nor myeloid
TF deletion significantly altered
inflammatory cell recruitment or cytokine
expression in the airspace. This result was
unexpected, because we had anticipated
that TF-bearing macrophages would be
important mediators of inflammation.
There are extensive data that link
activation of coagulation with activation
of inflammation (32). Thrombin and
fibrin can each stimulate cytokine
production in monocytes and endothelial
cells in vitro (33–35). In addition, TF
modulates inflammation in models
of systemic sepsis, and inhibition of
coagulation has been shown to reduce
lung inflammation in these models
(36–39). Our data support the concept
that the role of TF in inflammation in the
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variable. *P, 0.001 comparing hemoglobin levels between WT LPS and TFΔLEpi LPS, and between
TFΔLEpi PBS and TFΔLEpi LPS; statistical analysis performed by two-way ANOVA followed by
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measurement, n = 10–15 for each PBS group, n = 14–24 for each LPS group. Transmission electron
microscopy of lungs of (B) WT mice or (C) TFΔLEpi mice treated with LPS. Bottom panels represent
close-up view of insets in top panels. Thin arrows indicate alveolar epithelial type I cells; thick arrows
indicate basement membrane; arrowheads indicate loss of attachment of type I alveolar epithelium
(ATI) and type II alveolar epithelium (ATII) cells from basement membrane. AM, alveolar macrophage;
EC, endothelial cell.

ORIGINAL RESEARCH

724 American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 5 | November 2015



airspace is distinct from its effects in
the circulation. This conclusion is
supported by the lack of impact of
protease-activated receptor 2, a key
link between TF coagulation and
inflammatory signaling, in multiple
models of direct ALI (40). Furthermore,
two studies have shown that inhibition
of coagulation using nebulized
anticoagulants or fibrinolytics failed to
attenuate lung inflammation (41, 42).
These studies and our results support the
notion that inhibition of coagulation in
the airspace may not influence the
inflammatory response in the lung.
Another potential reason that our results
differ from previous data is that the
current study is the first to use cell-
specific germline deletion of TF, rather
than antibodies or inhibitors, to assess
the role of TF in ALI. Soluble forms of TF
and splice variants are known to have
variable physiologic function compared with
full-length, cell-associated TF (43), and these
other forms of TF may not have been
affected in previous studies. In addition, TF
expressed on other cell types, such as the
endothelium or lymphocytes, may be
sufficient to stimulate inflammation during
ALI. It is also possible that lung TF may
regulate the timing of lung inflammation.
In this study, we chose to focus on the
differences between epithelial and myeloid
TF deletion at the peak of injury after LPS at
24 hours. Whether TF regulates earlier or

later stages of inflammation, or modulates
resolution of inflammation, is an important
question that requires further study.

Our current data support a major role
for lung epithelial TF in maintenance of
alveolar–capillary barrier integrity during
direct, but not indirect, ALI. Mice
lacking lung epithelial TF expression
demonstrated marked increases in BAL
protein and lung hemorrhage after direct
injury with intratracheal LPS, suggesting
major disruption of the alveolar barrier.
This finding is particularly interesting, as
intratracheal administration of LPS does
not typically cause severe changes in
alveolar permeability (44, 45). It is
important to note that, although TFΔLEpi

mice have increased alveolar hemorrhage
in the airspace, hemoglobin itself had
a limited impact on the total BAL
proteins measured, suggesting that the
increased BAL protein is not explained by
increased alveolar hemorrhage. Whether
extracellular hemoglobin itself may
contribute to alveolar permeability
through mechanisms independent of
epithelial TF remains unknown. The
protective effect of TF on alveolar
permeability was not apparent during
indirect ALI from systemic LPS
administration, perhaps because
indirect ALI is predominantly driven
by endothelial disruption (46).
The beneficial effect of TF during direct
ALI may be related to its procoagulant

functions, with fibrin deposition at sites
of alveolar injury forming a physical
barrier over the leaky alveolar–capillary
interface. The disruption of alveolar
epithelial cell attachments to the
basement membrane seen in microscopy
of TFΔLEpi mice raises the possibility that
additional noncoagulant mechanisms
are involved in permeability maintenance.
For example, TF is known to interact with
b1-integrin and actin during cancer
metastasis (47, 48). Whether TF interacts
with b1-integrin or other cytoskeletal
structures in lung epithelial cells is
unknown, and is the focus of ongoing
studies. In addition, our data extend
current knowledge of the role of TF in the
lung by demonstrating that the impact
of TF on permeability and coagulation
in the airspace is independent from
inflammation.

In summary, the current study
demonstrates that the lung epithelial cells,
rather than myeloid cells, are the major
source of TF activity in the airspace in ALI,
and that lung epithelial TF is protective
during direct ALI pathogenesis.
Unexpectedly, TF expressed on myeloid
cells had no significant impact on the
degree of lung injury, permeability, or
inflammation in this model system. These
findings are of major importance, because
they suggest that therapeutic inhibition
of TF in the airspace in ALI may be
harmful. Through its expression of TF, the
alveolar epithelium is a critical modulator
of alveolar permeability, either through
activation of coagulation or potentially
through other functions, such as
cell–matrix interactions that are not yet
understood. Because TF in the lung
epithelium has a protective role in the
airspace of mice with direct ALI, it is
possible that supplementation of TF
locally in the airspace, or specifically on
lung epithelial cells, could be a new
therapeutic approach for human ALI. n
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