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The coagulation system is a part of the mammalian host defense system. Pathogens
and pathogen components, such as bacterial lipopolysaccharide (LPS), induce tissue
factor (TF) expression in circulating monocytes that then activates the coagulation
protease cascade. Formation of a clot limits dissemination of pathogens, enhances the
recruitment of immune cells, and facilitates killing of pathogens. However, excessive
activation of coagulation can lead to thrombosis. Here, we review studies on the
mechanism of LPS induction of TF expression in monocytes and its contribution to
thrombosis and disseminated intravascular coagulation. Binding of LPS to Toll-like
receptor 4 on monocytes induces a transient expression of TF that involves activation of
intracellular signaling pathways and binding of various transcription factors, such as
crel/p65 and cFos/c|un, to the TF promoter. Inhibition of TF in endotoxemia and sepsis
models reduces activation of coagulation and improves survival. Studies with endo-
toxemic mice showed that hematopoietic cells and myeloid cells play major roles in the
activation of coagulation. Monocyte TF expression is also increased after surgery.
Activated monocytes release TF-positive extracellular vesicles (EVs) and levels of
circulating TF-positive EVs are increased in endotoxemic mice and in patients with
sepsis. More recently, it was shown that inflammasomes contribute to the induction of
TF expression and activation of coagulation in endotoxemic mice. Taken together,
these studies indicate that monocyte TF plays a major role in activation of coagulation.
Selective inhibition of monocyte TF expression may reduce pathologic activation of
coagulation in sepsis and other diseases without affecting hemostasis.

Bacterial Infection and Coagulation

Bacterial infections represent a major challenge to inverte-
brate and vertebrate animals. Detection of pathogen-associ-
ated molecular patterns (PAMPs), such as components of
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bacteria, as well as damage-associated molecular patterns
(DAMPs), such as molecules released by damaged or dying
cells, lead to activation of the host immune system."? The
coagulation system is part of the host immune system and is
activated during bacterial infection. Formation of a clot limits
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dissemination of pathogens.> Bacterial lipopolysaccharide
(LPS) (also known as endotoxin) is a major component of the
outer membrane of gram-negative bacteria. This PAMP alerts
the host to invading gram-negative bacteria and is a potent
activator of the host immune and coagulation systems.4

LPS Activation of Coagulation in
Invertebrates and Vertebrates

Invertebrate animals, such as horseshoe crabs, are highly
sensitive to LPS.>> The horseshoe crab has existed for 200
million years. In 1885, William H. Howell reported that
hemolymph of the Atlantic horseshoe crab Limulus polyphe-
mus could form a gel-like clot.®’ Jack Levin and Frederik Bang
showed that LPS activated L. polyphemus coagulation and this
involved procoagulant proteins present in hemocytes (ar-
thropod blood cells analogous to mammalian monocytes).%?
Two decades later, Sadaaki Iwanaga characterized the com-
ponents of the limulus clotting system and showed that clot
formation occurs in a waterfall cascade-like pattern that is
similar to the coagulation protease cascade in mammals'®
(=Fig. 1A). Limulus hemocytes were found to contain three
serine protease zymogens and one clottable protein. Expo-
sure of hemocytes to LPS induces the release of these
proteins into the hemolymph. LPS then activates factor C
which subsequently activates factor B. Next, factor B acti-
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vates the pro-clotting enzyme to clotting enzyme that con-
verts coagulogen into coagulin, forming an insoluble gel.

The limulus clotting system has been developed into the
limulus amebocyte lysate assay. This is a highly sensitive
assay that is used to detect and quantify LPS in reagents and
biological samples. It consists of an extract of hemocytes
from L. polyphemus.

Mammals maintain hemostasis using a coagulation pro-
tease cascade that results in the formation of crosslinked
fibrin (=Fig. 1B). This cascade was first described in
1964.""12 Tissue factor (TF) is constitutively expressed by
perivascular cells around blood vessels and by epithelial cells
at body surfaces and forms a hemostatic envelope to limit
bleeding."® Briefly, TF is a transmembrane receptor and
cofactor for factor (F) VIla.'® The TF-FVIla complex activates
the coagulation cascade by cleavage of both FIX and FX. Next,
the prothrombinase complex (FXa-FVa) activates prothrom-
bin to thrombin. Thrombin is the central protease in the
coagulation cascade and cleaves fibrinogen to fibrin
monomers.

LPS induces TF expression in monocytes, and this then
activates blood coagulation (~Fig. 1B). It takes some time to
induce TF expression in monocytes and therefore this TF does
not play a role in hemostasis but rather contributes to the
host defense by forming clots at sites of infection that help
prevent the spread of pathogens.
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Fig. 1 Bacterial lipopolysaccharide induces clotting reactions in different organisms. (A) Hemocytes from Limulus horseshoe crabs exposed to
lipopolysaccharide (LPS) release serine proteases (factor C, factor B, and pro-clotting enzyme) and a clottable protein (coagulogen) into the
hemolymph. LPS activates factor C that activates factor B and converts the pro-clotting enzyme to a clotting enzyme leading to the conversion of
coagulogen into coagulin and the formation of a clot (insoluble gel). (B) LPS induces tissue factor (TF) in human monocytes and this activates
blood coagulation. The TF-factor (F) Vlla complex cleaves FIX and FX. The prothrombinase complex (FXa-FVa) activates prothrombin to

thrombin that converts fibrinogen into fibrin, forming a clot.
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Fig. 2 Mechanism of induction of tissue factor (TF) by bacterial
lipopolysaccharide (LPS) in human monocytes. LPS-binding protein
(LBP) binds to LPS and transfers LPS to the monocyte receptor CD14.
LPS is transferred to the Toll-like receptor 4 (TLR4)-MD-2 complex and
this activates intracellular signaling pathways and transcription fac-
tors that lead to TF gene expression.

LPS Activation of Monocytes

The presence of LPS in the bloodstream is called endotox-
emia. LPS-binding protein (LBP) present in blood binds to LPS
and transfers it to CD14, which is a receptor expressed by
monocytes'>~'® (~Fig. 2). Next, LPS binds to Toll-like recep-
tor 4 (TLR4), which was shown to be the LPS signaling
receptor on monocytes and macrophages.’’ TLR4 forms
heterodimers with MD-22" (~Fig. 2). LPS binding to the
TLR4-MD-2 complex activates a variety of intracellular
signaling pathways that result in activation of different
transcription factors, such as activator protein 1 (AP-1),
and nuclear translocation of nuclear factor-xB (NF-kB).
This leads to the expression of TF and proinflammatory
cytokines (=Fig. 2).

Endotoxemia and Sepsis

Injection of a low dose of LPS into human volunteers is used
to study different components of the host immune system,
such as inflammation and coagulation. In addition, injection
of LPS into animals leads to endotoxemia that mimics some
aspects of gram-negative bacterial infection.

Uncontrolled infections may lead to the presence of
pathogens in the bloodstream and sepsis, which is a body’s
extreme response to an infection. Sepsis is a public health
issue affecting 30 million people per year worldwide.?? It is
associated with activation of the coagulation system, micro-
vascular thrombosis, and disseminated intravascular coagu-
lation (DIC).?> Consumption of coagulation factors during
sepsis can lead to bleeding, which can present as petechiae
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(small red spots in the skin). There are different animal
models of sepsis, including a baboon model that uses a
LD100 dose of Escherichia coli.

Timeline of Studies of LPS Induction of TF
Expression in Monocytes

~Fig. 3 shows a timeline of the major methodological tools
and scientific discoveries in the field of LPS induction of TF
expression in monocytes.

LPS Induction of TF Activity in Monocytes

In 1971, Lerner et al showed that LPS induced procoagulant
activity in human leukocytes isolated from healthy individ-
uals.?* This activity was dependent on the presence of FVII,
which suggested it was TF. Four years later, Rivers et al®®
demonstrated that monocytes within the leukocyte popula-
tion were responsible for the LPS-stimulated procoagulant
activity and confirmed that it was TF. In 1983, Semeraro et al
showed that monocytes alone exhibited increased TF activity
when stimulated with LPS.?® In 1994, we and another group
showed that LPS induction of TF activity in human mono-
cytes was mediated by the LBP-CD14 pathway.?’-?8

Other studies have shown that different cell populations
and stimuli increase LPS-induced TF expression in human
monocytes. Two studies by Osterud and colleagues showed
that LPS induction of TF in monocytes was enhanced by
platelet activating factor, granulocytes, and platelets.?*30 In
addition, they reported that platelet lysate supernatants and
purified platelet factor 4 enhanced TF activity in LPS-stimu-
lated human monocytes.31 Another group also observed that
platelet activating factor enhanced TF activity after LPS
stimulation of human monocytes.>? Landsem et al*> ana-
lyzed the role of complement and CD14 in LPS and E. coli
induction of TF in a human whole blood model. As expected,
inhibition of CD14 reduced LPS induction of TF mRNA and
protein expression in monocytes. Surprisingly, a similar
reduction of LPS induction of TF expression was observed
using the C3 blocking peptide compstatin, which indicated
that activation of the complement cascade enhanced LPS
induction of TF expression in monocytes. More recently, it
was shown that an anti-C5 antibody did not affect LPS
induction of TF protein expression on human monocytes
but reduced TF activity by inhibiting phosphatidylserine (PS)
exposure.>*

It is well known that many commercial-grade reagents,
including recombinant proteins, are contaminated with
LPS.3° Indeed, induction of TF in monocytes by recombinant
cytokines may be due to LPS contamination. For instance, it
was reported that interleukin (IL)-6 and IL-8 induce TF
expression in human monocytes but the LPS inhibitor poly-
myxin B was not used to exclude the possibility that this was
due to LPS contamination.3® We found that recombinant
tumor necrosis factor o (TNF-a) induced TF expression in
human monocytes but this activity was abolished with an
anti-CD14 antibody suggesting that it was due to LPS con-
tamination of the TNF-o.%8
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Hematopoietic cells contribute to activation of
coagulation in a mouse endotoxemia model
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reduces TF expression and activation of
coagulation in endotoxemic mice

Fig. 3 Timeline of the major methodological tools and scientific discoveries in the field of lipopolysaccharide induction of tissue factor. DIC,
disseminated intravascular coagulopathy; E. coli, Escherichia coli; EVs, extracellular vesicles; KO, knockout; LPS, lipopolysaccharide; mAb,
monoclonal antibody; mRNA, messenger ribonucleic acid; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; TF, tissue factor.

LPS Induction of TF Protein in Monocytes

In 1985, Broze and colleagues®’ purified human TF (~Fig. 3).
This work allowed the generation of anti-TF antibodies and
also facilitated the cloning of the human TF complementary
DNA (cDNA). In 1987, Carson and colleagues® reported the
generation of the first mouse anti-human TF monoclonal
antibody called HTF-1. This antibody is commercially avail-
able and is the gold standard antibody used by many inves-
tigators for TF studies.3*40 Subsequently, several groups
generated a variety of monoclonal antibodies against human
TF.41~*3 The human TF protein is composed of an extracellu-
lar domain, a transmembrane domain, and a cytoplasmic
domain.** Mapping studies showed that these anti-human
TF monoclonal antibodies bound to three different regions of
the TF protein®>*~*/ (~Fig. 4). First, there was a group of
antibodies that bound to the N-terminal region of the
extracellular domain of TF and competed with binding of

Thrombosis and Haemostasis  Vol. 123 No. 11/2023 © 2023. The Author(s).

FVII/FVIla. A second group of antibodies bound to the C-
terminal region of the extracellular domain of TF and bound
to either free TF or TF complexed with FVII/FVIla. These
antibodies interfered with substrate binding. Finally, the last
group of antibodies bound to the C-terminal region of the
extracellular domain of TF close to the transmembrane
membrane and did not inhibit TF procoagulant activity but
inhibited TF signaling.

In 1989, Drake et al used a cocktail of three anti-TF
antibodies to stain TF in different tissues and observed a
strong signal on LPS-stimulated human monocytes but not
neutrophils.'® Other studies have shown TF protein expres-
sion on LPS-stimulated monocytes by flow cytometry.3%:48
There has been some controversy about the specificity of
anti-human TF monoclonal antibodies. Basavaraj et al°
evaluated the ability of five anti-human TF monoclonal
antibodies, including HTF-1, to bind to unstimulated and
LPS-stimulated human monocytes. Three of the antibodies
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Fig. 4 Binding sites of different anti-human tissue factor (TF) mouse monoclonal antibodies. Full length TF and the extracellular domain are

shown as black lines. The FVII light chain and FVII catalytic domain-binding sites are shown as orange lines. Magdolen et a

I*> used a combination

of truncated TF proteins and synthetic peptides to map the epitopes of different antibodies. Kirchhofer et al*3 and Huang et al*’ used a
combination of mutagenesis and structural data to map the epitopes of different antibodies. Horizontal purple lines indicate the different
binding regions and vertical black lines indicate the individual amino acid contact points of the different antibodies.

(HTF-1,TF9-10H10,and VD8) bound to LPS-stimulated mono-
cytes but not to unstimulated monocytes, whereas VIC7 and
CLB/TF-5 bound to unstimulated monocytes suggesting non-
specific binding since these cells do not express TF.

LPS Induction of TF Gene and mRNA
Expression in Monocytes and Monocytic
Cells

In 1987, four groups cloned the human TF cDN
(=Fig. 3). This opened the door to studies on TF mRNA
expression in different cell types, including monocytes.
Gregory et al®>? were the first to analyze LPS stimulation of
TF gene, mRNA, and activity in human monocytes. They used
a nuclear runoff assay to measure TF gene expression and
found that LPS induced a transient expression of the TF gene
with a maximal level at 1hour. Next, they used northern
blotting to show that LPS induced a transient induction of TF
mRNA with a maximal level at 4 hours. Finally, they mea-
sured TF activity and observed a transient increase with a
maximal level at 6 hours. Other studies have shown LPS
transiently induces TF expression in monocytes.“&53 We
analyzed LPS induction of TF gene expression, mRNA expres-
sion, and activity in THP-1 cells,”! which is a human mono-
cytic cell line derived from a patient with acute monocytic
leukemia. Like data with human monocytes, we observed
that LPS stimulated a transient expression of TF with maxi-
mal levels of TF gene expression, mRNA expression, and
activity at 1, 2, and 5hours, respectively. These studies

A44,49-51

indicate that TF expression in monocytes and monocytic
cells is tightly regulated.

Interestingly, TF mRNA contains four AUUUA elements in
the 3’-untranslated region. These elements were previously
shown to regulate mRNA stability of TNF-a mRNA.>* Gregory
et al®2 measured the stability of TF mRNA in LPS-stimulated
human monocytes and found that it had a half-life of
approximately 1.5 hours. We also found that TF mRNA was
unstable in THP-1 cells.”’ These results indicate that TF
mRNA is rapidly degraded to limit the amount of TF protein
that is expressed on LPS-stimulated human monocytes and
monocytic cells.

LPS Induction of the Human TF Promoter

In 1989, we cloned the human TF gene.”' This permitted
studies of the TF promoter. In 1991, we cloned various
lengths of the promoter into a plasmid upstream of the
firefly luciferase reporter gene and transfected these con-
structs into THP-1 cells to identify DNA sequence elements
responsible for basal and LPS induction of the TF promoter.>>
The largest fragment of the promoter was —2,106 to +121 bp
and the smallest fragment was —111 to +121 bp. We found
that five Sp1 sites were required for basal TF promoter
expression in THP-1 cells®® (~Fig. 5). Next, we analyzed
LPS induction of the TF promoter. We found that a 56 bp
region in the promoter containing two AP-1 binding sites and
one NF-kB site was required for LPS induction of the TF
promoter in THP-1 cells (~Fig. 5). We called this 56 bp region

Thrombosis and Haemostasis  Vol. 123 No. 11/2023 © 2023. The Author(s).
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Fig. 5 DNA sequence elements responsible for basal and lipopolysaccharide (LPS) induction of tissue factor (TF) promoter. Basal expression of
the TF promoter is mediated by 5 Sp1 sites. A 56 bp region in the promoter called LPS response element (LRE) mediates LPS induction of
the TF promoter and contains two activator protein 1 (AP-1) binding sites and one nuclear factor-kB (NF-kB) site. Two Ets binding sites are
also required for LPS induction and are located in the LRE. The transcription factor Egr-1 is induced by LPS and contributes to LPS activation of the

TF promoter.

the LPS response element. Interestingly, the NF-kB site (5'-
CGGATTTCC-3") in the TF promoter did not fit the consensus
for NF-xB sites (5'GGGRNYYCC-3') and rather than binding to
the prototypic p50/p65 heterodimer we found that it bound
to a c-Rel/p65 heterodimer.>’ Another group showed that LPS
induction of the TF promoter in THP-1 cells was mediated by
binding of c-Rel/p65 to the NF-xB site and AP-1 proteins to
the AP-1 sites.”® The AP-1 sites have been reported to bind
various members of the c-Jun and cFos families.”®% In
addition, we found that the transcription factor Egr-1 was
induced by LPS stimulation of THP-1 cells and contributed to
LPS activation of the TF promoter (~Fig. 5).°%°° LPS activa-
tion of the MEK-ERK signaling pathway activated the tran-
scription factor Elk1 that induced expression of Egr-1, which
then bound to the TF promoter. Finally, DNase I footprinting
of THP-1 cells was used to identify sites of protein-DNA
interaction in the TF promoter between —383 and the cap
site. This study showed that two LPS-inducible elements
were located at —231 to —172 and —85 to —52. The upstream
site contained binding sites for c-Jun and Ets-1 and Ets-2
(=192 to —177) and the downstream site bound Egr-1 (-85
to —52) (~Fig. 5).°% One study investigated the effect of
pentraxin-3 on LPS induction of TF expression in human
monocytes.®’ Pentraxin-3 is increased in septic shock. Pen-
traxin-3 increased levels of c-Rel/p65 in the nucleus and TF
expression in monocytes. These studies indicate that numer-
ous intracellular signaling pathways and transcription fac-
tors mediate basal and LPS induction of the TF promoter in
human monocytic cells.

Thrombosis and Haemostasis  Vol. 123 No. 11/2023 © 2023. The Author(s).

Inhibitors of LPS Induction of TF Expression
in Monocytes

Many studies have used inhibitors to identify intracellular
signaling pathways and transcription factors that are re-
quired for LPS induction of TF expression in monocytes
(=Table 1). Ternisien et al demonstrated that three protein
kinase C inhibitors (H7, staurosporine, and calphostin)®? and
two protein tyrosine kinase inhibitors (herbimycin A and
genistein)63 decreased LPS-induced TF mRNA, protein, and
activity in human monocytes. These inhibitors did not affect
TF mRNA stability indicating that they prevented LPS induc-
tion of TF gene expression.

LPS stimulation of leukocytes induces the production of
reactive oxygen species (ROS) that act as DAMPs. Several
studies analyzed the effect of different antioxidants on LPS
induction of TFexpression in monocytes. In 1997, Polack et al®*
demonstrated that two scavengers of ROS (N-acetyl cysteine
and pyrrolidine dithiocarbamate) decreased LPS induction of
TF expression in human monocytes. In addition, two NADPH
oxidase inhibitors (phenylarsine oxide and diphenyleneiodo-
nium) and two nitric oxide synthetase inhibitors (diphenyle-
neiodonium and L-N-methyl arginine) decreased LPS
induction of TF expression. Interestingly, N,N'-dimethyl-gam-
ma,gamma’-dipyridylium dichloride, which generates super-
oxide, and sodium nitrosylpentacyanoferrate, which generates
nitric oxide, both restored LPS induction of TF expression in the
presence of the inhibitors suggesting that these two radicals
participate in the induction of TF expression.
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Table 1 Inhibitors of lipopolysaccharide induction of tissue factor expression in monocytes

Agent Target Reference
H7 Protein kinase C 62
Staurosporine Protein kinase C 62
Calphostin Protein kinase C 62
Herbimycin A Protein tyrosine kinase 63
Genistein Protein tyrosine kinase 63
N-acetyl cysteine Reactive oxygen species 64
Pyrrolidine dithiocarbamate Reactive oxygen species 64
Phenylarsine oxide NADPH oxidase 64
Diphenyleneiodonium Nitric oxide synthetase 64
[-N-methyl arginine Nitric oxide synthetase 64
Succinobucol (AGI-1067) Reactive oxygen species 65
AGI-1095 Reactive oxygen species 65
Resveratrol Reactive oxygen species 66
N°tosylphenylalanyl chloromethyl ketone NF-kB 67
N°-tosyl-L-lysine chloromethyl ketone NF-kB 67
Cyclosporine A NF-xB 68
Acetylsalicylic acid NF-kB 69,70
Sodium salicylate NF-kB 69,70
Dipyridamole Protein kinase A 2
Pentoxifylline Protein kinase A .74
lloprost Protein kinase A 3
Forskolin Protein kinase A 33,75
Iso-butyl-methyl-xanthin Protein kinase A 3
Dibutyryl-cAMP Protein kinase A 33,75
Pravastatin RhoA 9

Probucol is an antioxidant drug that was used experi-
mentally to treat patients with cardiovascular disease but
had side effects. A new class of probucol derivatives was
made that include succinobucol (also called AGI-1067) and
AGI-1095. We found that these drugs inhibited LPS induc-
tion of TF mRNA and activity in THP-1 cells.®> Interestingly,
AGI-1067 and AGI-1095 inhibited the redox-sensitive
kinase, apoptosis signal-regulating kinase-1 (ASK1), and
the mitogen-activated protein kinases (MAPKs) p38,
ERK1/2, and JNK1/2. This led to a reduction in phosphory-
lated AP-1 and synthesis of EGR-1 and reduced TF gene
transcription without affecting nuclear translocation of NF-
KkB.%> The phytochemical resveratrol found in red wine has
antioxidant activity. Pendurthi et al®® showed that resvera-
trol inhibited LPS induction of TF expression in human
monocytes without affecting binding of cFos/c-Jun or
c-Rel/p65 to the TF promoter. These findings demonstrate
that antioxidants can affect different intracellular pathways
and interfere with LPS induction of TF expression in
monocytes.

Activation of NF-kB requires degradation of IkBa that is
mediated by the proteosome. In 1994, we showed that two

proteosome inhibitors (N*-tosylphenylalanyl chloromethyl
ketone and N°®-tosyl-L-lysine chloromethyl ketone) blocked
LPS induction of TF expression in THP-1 cells.%” These inhib-
itors prevented nuclear translocation of c-Rel/p65. Interest-
ingly, the immunosuppressant drug cyclosporine A also
inhibited LPS induction of TF expression in human
monocyte/macrophages by preventing nuclear translocation
of c-Rel/p65.8 We and another group showed that sodium
salicylate and acetylsalicylic acid inhibited LPS induction of
TF expression in human monocytes and THP-1 cells by
preventing nuclear translocation of c-Rel/p65.%%-7% However,
two other nonsteroidal anti-inflammatory drugs (ibuprofen
and indomethacin) did not affect LPS induction of TF
expression.

Drugs and agents that increase intracellular cyclic AMP
and activation of protein kinase A have been shown to inhibit
LPS induction of TF expression in monocytes and THP-1 cells.
These include the antiplatelet drug dipyridamole, the meth-
ylxanthine derivative pentoxifylline, the stable prostacyclin
analog iloprost, prostaglandin E1, forskolin, iso-butyl-meth-
yl-xanthin, and dibutyryl-cAMP.>>71-74 We showed that
forskolin and dibutyryl-cAMP did not affect LPS-induced

Thrombosis and Haemostasis  Vol. 123 No. 11/2023 © 2023. The Author(s).

1023



1024

Monocyte Tissue Factor and LPS Sachetto, Mackman

nuclear translocation of c-Rel/p65 but blocked the functional
activity of the complex in the nucleus.”

Various statins have been reported to inhibit LPS induc-
tion of TF expression in monocytes and the monocytic cell
line U937.7%77% It was shown that statins have different
potencies against NF-kB and this paralleled their ability to
inhibit TF expression. In addition, Nagata et al’® showed that
ceristatin and pravastatin inhibited the geranylgeranylation
of RhoA. Furthermore, the ROCK inhibitor Y-27632 reduced
LPS induction of TF expression in monocytes suggesting that
statins reduce TF expression by inhibiting the activation of
RhoA kinase.

Finally, we analyzed the role of phosphatidyl-inositol 3-
kinase (PI3K) in LPS induction of TF expression in THP-1
cells.®? PI3K is an enzyme that modifies membrane inositol
lipids and this allows binding of various signaling proteins,
such as Akt. LPS activates the PI3K-Akt pathway. We used
two different inhibitors of PI3K (wortmannin and Ly294002)
and found that they enhanced LPS induction of TF expres-
sion.3Y We showed that the PI3K-Akt pathway negatively
regulated the Raf1-MEK-ERK1/2 signaling pathway, which s
required for induction of Egr-1, and GSK3p, which modulates
the activity of the p65 subunit of NF-xB.

These inhibitor studies demonstrated that many intracel-
lular signaling pathways and transcription factors are re-
quired for LPS induction of TF expression in monocytes
(=~Fig. 5).

Inhibition of LPS Induction of TF Expression
in Monocytes by Anti-inflammatory
Cytokines

The effect of anti-inflammatory cytokines (IL-4, IL-10, and
IL-13) on LPS induction of TF expression in monocytes has
been studied by several groups. All three anti-inflammatory
cytokines blocked LPS induction of TF expression in mono-
cytes.81-84 In 1996, Ernofsson et al®> compared the inhibi-
tory activity of different anti-inflammatory cytokines and
showed that IL-10 exhibited significantly higher inhibitory
activity compared with IL-4 and IL-13.

Regulation of Monocyte TF Activity

TF can be present on the cell surface in an inactive
(encrypted) state or an active (decrypted) state.3® Cell
activation and injury increase the amount of TF in the
active state. There are several mechanisms that have been
shown to regulate TF activity on the cell surface. First, when
the negatively charged phospholipid PS is externalized to
the outer leaflet of the plasma membrane, it interacts with
TF and induces a conformational change that increases its
activity. Second, thiol-disulfide exchange pathways regulate
the formation of an allosteric disulfide bond in TF that
increases its activity. Third, TF activity is negatively regu-
lated by sphingomyelin (SM). Cellular activation leads to
translocation of acid sphingomyelinase (ASMase) to the
outer leaflet of the plasma membrane where it degrades
SM and increases TF activity. Another study found that
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CD248 positively regulates TF activity.®” CD248 is a
type 1 transmembrane glycoprotein that has a cellular
pattern of expression that is like TF. The human
monocyte/macrophage cell line Mono Mac 6 expresses
both TF and CD248. Knockdown of CD248 expression in
Mono Mac 6 with siRNA reduced TF activity.

Protein disulfide isomerase (PDI) has been shown to
regulate TF activity by altering the allosteric disulfide bond
in TF. Bacitracin and quercetin-3-rutinoside (rutin) are two
PDI inhibitors. A recent study showed that bacitracin and
rutin inhibited LPS induction of TF protein expression and
activity in CD14-positive human monocytes and human
peripheral blood mononuclear cells (PBMCs), respectively.38
In addition, rutin reduced LPS induction of TF mRNA in
human PBMCs. Another PDI inhibitor PACMA-31 increased
LPS induction of TF expression in PBMCs at low concentra-
tions but reduced monocyte TF at high concentrations by
converting it into a noncoagulant state.®® Another study
showed that inhibition of ASMase with the tricyclic antide-
pressant drugs desipramine and imipramine reduced LPS
induction of TF activity on mouse PBMCs without affecting TF
protein expression.’® Similar results were observed with
human monocyte-derived macrophages. These results sug-
gest that LPS induction of TF activity in monocytes and
macrophages requires induction of TF protein expression
and decryption of TF by ASMase-dependent degradation of
SM.

Role of TF in the Activation of Coagulation in
Endotoxemia and Sepsis

In 1991, Taylor et al®! showed that administration of an anti-
TF monoclonal antibody protected baboons in a LD100 E. coli
model of septic shock (=Fig. 3). This study indicated that TF
was a key effector molecule in the pathogenesis of sepsis. In
1994, Levi et al®2 demonstrated that administration of an
anti-TF monoclonal antibody to chimpanzees injected with
LPS reduced the activation of coagulation measured throm-
bin-antithrombin complexes (TAT) and prothrombin activa-
tion fragment F1 + 2 (F1 +2).

In 1996, three groups generated TF knockout mice
(=Fig. 3). These mice did not survive to adulthood and
therefore could not be used to study the effects of TF
deficiency in different diseases. In 1998, we rescued TF
knockout mice using a transgene that expresses low levels
of human TF from the human TF promoter.®® These so-called
low TF mice could be used as a model to study the role of TF in
different diseases. In 2004, we used low TF mice to examine
the role of TF in a mouse model of endotoxemia®’ (=~Fig. 3).
We found that endotoxemic low TF mice exhibited a dramatic
reduction in the activation of coagulation measured by TAT.
Yang et al®® also showed a reduction in TAT in low TF mice in a
lethal endotoxemia model. In addition, they showed that TAT
levels were significantly reduced in endotoxemic mice by the
administration of a rat anti-mouse TF monoclonal antibody
called 1H1. These studies demonstrate that TF mediated the
activation of coagulation in animal models of endotoxemia
and sepsis.
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Role of Hematopoietic Cell, Myeloid, and
Monocyte TF in the Activation of
Coagulation in Endotoxemia and Sepsis

In 1983, Osterud and Flaegstad®® showed that TF activity was
increased in mononuclear cells from patients with meningo-
coccal infection and proposed that this expression contributed
to DIC. In 2000, Franco et al'® analyzed TF mRNA expression in
monocytes and activation of coagulation between 30 minutes
and 24 hours in a human model of endotoxemia. They ob-
served a transient increase in TF mRNA expression in mono-
cytes with a maximal level at 3 hours and a return to baseline
level by 24 hours. The activation of coagulation, which was
assessed by measuring levels of TAT and F1 + 2, was maximal
at 4hours and returned to baseline at 24 hours. This study
indicated that monocyte TF expression preceded the activation
of coagulation, and it suggested that monocyte TF expression
played a role in the activation of coagulation.

In 2004, we examined the role of hematopoietic cell TF in
the activation of coagulation in a mouse endotoxemia mod-
el.”” We transplanted bone marrow from low TF mice and
wild-type mice into wild-type mice to determine the role of
hematopoietic and nonhematopoietic cell TF in LPS activa-
tion of coagulation. Importantly, mice with bone marrow
from low TF mice had significantly reduced activation of
coagulation compared with mice with bone marrow from
wild-type mice. In 2007, we generated TF-floxed mice'?
(=Fig. 3). This allowed us to delete the TF gene in different
cell types. We crossed TF-floxed mice with mice expressing
the Cre recombinase expressed from the LysM promoter to
delete the TF gene in myeloid cells.'® In 2010, we used these
mice to determine the effect of deletion of the TF gene in
myeloid cells on LPS activation of coagulation in mice.'%? We
found that deletion of TF in myeloid cells reduced the
activation of coagulation by approximately 50%. These stud-
ies demonstrate that hematopoietic cell TF and myeloid cell
TF play a major role in the activation of coagulation in a
mouse model of endotoxemia.

LPS-Stimulated Monocytes Release
TF-Positive Extracellular Vesicles

Activated cells, such as LPS-stimulated monocytes, release
extracellular vesicles (EVs) into the blood.'%® In 1994, Satta
et al'% demonstrated that LPS stimulation of human mono-
cytes for 5 hours induces the expression of TF and the release
of EVs that contain TF (=Fig. 3). Other studies have also
shown that LPS-stimulated monocytes release TF-positive
EVs.3?*® We and others have shown that LPS stimulation of
human whole blood for 5 hours leads to the generation of TF-
positive EVs.'9°-108 [t is presumed that these TF-positive EVs
are derived from LPS-stimulated monocytes.

Levels of TF-Positive EVs Are Increased in
Endotoxemia Models

In 2004, Aras et al'%° observed a transient increase in EV TF
activity in the circulation in a human model of endotoxemia
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with a maximal level at 4 hours (~Fig. 3). Another study used
an updated EV TF activity assay to measure the response in
healthy volunteers after administration of LPS.'% Levels of
monocytes, EV TF activity, and TAT were measured between
0 and 24 hours. Monocyte counts decreased at 30 minutes
indicating activation and recruitment to tissues and this
preceded an increase in EV TF activity, which was maximal
at 4 hours. Levels of TAT showed a similar peak after admin-
istration of LPS. Another study observed a 10-fold increase in
EV TF activity at 3 hours compared with 0 hours in a human
model of endotoxemia.’”

In 2009, we showed that LPS increased levels of EV TF
activity in mice.""" More recently, Ansari et al®® also showed
increased levels of EV TF activity in endotoxemic mice.
Furthermore, they immunopreciptated the EVs with an
anti-TF antibody and then analyzed the presence of other
cell type specific markers by western blotting. As expected,
TF-positive EVs expressed the monocyte marker CD14. In
addition, these EVs also expressed a-smooth muscle cell
actin and CD248, which are markers of perivascular cells.
These data suggest that TF-positive EVs in endotoxemic mice
are derived from activated monocytes as well as perivascular
cells.

We found that patients with sepsis have higher levels of
EV TF activity compared with healthy controls.''? Higher
levels of EV TF activity were also observed in patients with
meningococcal septic shock compared with patients with
meningococcal meningitis.113 Levels of EV TF activity were
associated with levels of LPS in the plasma. In addition, septic
patients with DIC had higher levels of EV TF activity com-
pared with healthy controls.! Importantly, EV TF activity
correlated with the DIC score. Release of TF-positive EVs from
activated monocytes would be expected to greatly enhance
activation of the coagulation system in blood. These studies
strongly suggest that monocyte-derived TF-positive EVs
contribute the activation of coagulation in endotoxemia
and sepsis.

Monocyte TF Expression and Thrombosis
during Infection and Sterile Inflammation

As discussed above, the coagulation system is part of the host
immune system. Formation of a clot in blood vessels can
trigger an innate immune response that is referred to as
thromboinflammation or immunothrombosis.> This may
occur in response to an infection or due to the release of
DAMPs from damaged cells into the extracellular environ-
ment (sterile inflammation). Monocyte TF plays a central
role in immunothrombosis, which facilitates the contain-
ment, recognition and destruction of pathogens, and remov-
al of damaged cells. However, monocyte TF can contribute to
thrombosis (particularly venous thrombosis). We and anoth-
er group showed that deletion of TF in myeloid cells reduced
venous thrombosis in a mouse model.3*11°

In 1984, Osterud and Due''® found that monocyte TF
activity was increased on 1 day after surgery in patients with
benign and malignant tumors (=Fig. 3). Similarly, Johnson
et al'"” found that TF activity in PBMCs increases 1 day after
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total knee arthroplasty. This monocyte TF expression pre-
cedes the time for venous thrombosis, which has been shown
to occur 7 days postsurgery in a large epidemiology study.'" 8
These studies suggest that monocyte TF contributes to
venous thrombosis after surgery.

Inflammasomes and LPS-Induced Activation
of Coagulation in Mice

Inflammasomes are cytosolic multiprotein complexes that
sense PAMPs and DAMPs and activate caspases.119 Mono-
cytes and macrophages contain inflammasomes. Canonical
inflammasomes lead to the activation of caspase 1 whereas
noncanonical inflammasome lead to the activation of cas-
pase 11 (=Fig. 6). Different agents, such as the TLR3 ligand
polyinosinic:polycytidylic acid (poly I:C), are used for prim-
ing. This results in expression of inflammasome components
and activation of pathways that facilitate increased uptake of
extracellular LPS and other agents that can activate intracel-
lular receptors independently of TLR4. The NOD-, LRR-, and
pyrin domain-containing protein 3 (NLRP3) inflammasome
is the most studied inflammasome and consists of a sensor
(NLRP3), an adaptor (apoptosis-associated speck-like protein
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containing a caspase recruitment domain, ASC), and an
effector (caspase 1).'2 Cytosolic LPS is sensed by caspase
11 in mice and caspase 4 and 5 in humans and this induces
noncanonical NLRP3 inflammasome activation.'?® There are
several steps in the assembly of the NLRP3 inflammasome.
First, NLRP3 oligomerizes and this recruits ASC. Next, pro-
caspase 1 is recruited and undergoes self-cleavage and
activation. The NLRP3 inflammasome cleaves pro-IL-1B
and pro-IL-18 to active IL-1B and IL-18 that are then released
from the cell. In addition, caspase 1 activates gasdermin D
(GSDMD), which leads to the formation of nanopores and
pyroptosis, which is a form of programmed cell death. There
are several recent reviews on the role of inflammasomes in
the activation of coagulation in sepsis.'?'~23 Therefore, in
this review we will only discuss studies that analyze TF
expression.

Several groups have analyzed the role of inflammasomes
in the induction of TF expression in macrophages and in mice
(~Table 2). Yang et al°® determined the roles of TLR4 and
caspase 11 in the activation of coagulation in a mouse model
of endotoxemia. LPS increased plasma TAT levels and fibrin
deposition in the liver and lung. Importantly, LPS-induced
activation of coagulation was attenuated by approximately
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Fig. 6 Mechanisms of inflammasome activation. Inflammasomes are activated by the recognition of damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs). Inflammasomes are divided into noncanonical and canonical pathways.
Intracellular lipopolysaccharide (LPS) activates caspase 11 in the noncanonical inflammasome pathway. The canonical pathway consists of a
priming step that leads to the transcription of inflammasome components and cytokines and an activation step that includes the assembly of the
inflammasome and activation of caspase 1. Both inflammasome pathways cleave pro-IL-1B, pro-IL-18, and gasdermin-D. The cleavage of
interleukins induces the release of cytokines and the cleavage of gasdermin-D induces the formation of pores in the membranes, leading to a cell
death via pyroptosis. Activation of inflammasomes is independent of the Toll-like receptor 4 (TLR4)-MD2 complex.
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Table 2 Summary of studies that analyzed the role of inflammasomes in the induction of tissue factor expression in mouse

macrophages and in mice
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Model Observations Reference

Mice—LPS (10 mg/kg i.p.) for 8 hours LPS increase in TAT levels is dependent on TLR4 and 98
caspase 11

Mice—LPS (20 mg/kg i.p.) for 8 hours LPS increase in TAT levels is dependent on ASC, NLRP3, 126
and caspase 11

Mice—LPS (0.4 mg/kg i.p.) for LPS increase in TAT levels is dependent on caspase o8

7 hours +LPS (10 mg/kg i.p.) for 11 and GSDMD

8 hours

Mice—poly I:C (10 mg/kg i.p.) for LPS increase in TAT levels is dependent on caspase o8

7 hours +LPS (10 mg/kg i.p.) for 8 hours 11 but not TLR4

Mice—poly I:C (4 mg/kg i.p.) for LPS increase in TAT levels is dependent on caspase 11 127

8 hours +LPS (50 mg/kg i.p.) for 4 hours and GSDMD but not TLR4

Mice—Epr] for 90 minutes LPS increase in TAT levels is dependent on caspase 1 127
and GSDMD but not TLR4

BMDMs—Poly I:C (1 pg/mL) for LPS induction of TF protein expression is dependent on 127

5hours + LPS (2 pg/mL) transfected caspase 11 and GSDMD but not TLR4

BMDMs—Epr| (100 ng/mL) LPS induction of TF protein expression is dependent on 127
caspase 1 and GSDMD but not TLR4

PMs—LPS (1 pg/mL) + cholera toxin subunit B LPS induction of TF mRNA and protein expression is not 98
dependent on GSDMD

PMs—LPS (1 pg/mL) + cholera toxin subunit B LPS induction of TF activity is dependent on caspase 11, 98
GSDMD, TMEM16F, and PS exposure

Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; BMDMs, bone marrow-derived macrophages;
GSDMD, gasdermin D; LPS, lipopolysaccharide; NLRP3, NOD-, LRR-, and pyrin domain-containing protein 3; PMs, peritoneal macrophages; poly I:C,
polyinosinic:polycytidylic acid; PS, phosphatidylserine; TAT, thrombin-antithrombin complexes; TF, tissue factor; TLR4, Toll-like receptor 4,

TMEM16F, transmembrane protein 16F.

50% in Tir4-deficient mice and Casp11-deficient mice.’®

Similar results were observed with E. coli. Plasma TF activity
was also reduced in endotoxemic Casp11-deficient mice and
Gsdmd-deficient mice. Caspase 11 cleaves GSDMD as well as
pannexin-1, which leads to activation of the purinergic
receptor P2X7.'%% Interestingly, deletion of Gsdmd but not
P2x7r reduced LPS-induced activation of coagulation.’® Ac
tivation of coagulation in endotoxemic mice was also atten-
uated by administration of two PS binding proteins
(lactadherin or milk fat globule-epidermal growth factor
E8 [MFG-E8]), which indicated that PS was required for
LPS-induced activation of coagulation in mice.%8 However,
it should be noted that these PS-binding proteins have a
general inhibitory effect on coagulation not just a selective
inhibition of TF activity. Another study showed that caspase
11 and GSDMD were required for induction of TF in bone
marrow-derived macrophages (BMDMs) and in mice ex-
posed to outer membrane vesicles from E. coli.'*®

A more recent study examined the role of the NLRP3
inflammasome in LPS-induced activation of coagulation in
mice.'?® The dose of LPS (20 mg/kg) was higher than the
previous study (=Table 2). They found that a deficiency in
either ASC, NLRP3, or caspase 11 decreased the level of TAT in
endotoxemic mice by approximately 50% compared wild-
type mice. Furthermore, the NLRP3 inhibitor MCC950 pro-
duced a similar decrease in the level of TAT in wild-type
mice.'?® We also observed that MCC950 reduced TAT levels

in endotoxemic mice (Sachetto and Mackman, 2023, unpub-
lished data). Levels of TF antigen in the plasma were de-
creased in mice deficient in ASC and NLRP3 but not caspase
11. In addition, MCC950 reduced the level of TF antigen in
endotoxemic mice.

Wau et al'?’ used the TLR3 ligand poly I:C to prime mice
for 8 hours followed by stimulation with LPS for 4 hours to
activate caspase 11. They found that the LPS-induced in-
crease in plasma TAT was dependent on caspase 11 and
GSDMD and independent of TLR4. Depletion of monocytes
and macrophages with clodronate-containing liposome in-
creased the survival of mice exposed to poly I:C and LPS.
Yang et al°® used a similar model to activated caspase 11 in
a TLR4-independent manner by priming mice with poly I:C
for 7 hours and stimulating with LPS for 8 hours. They also
found that LPS-induced TAT in the plasma and fibrin
deposition in tissues were reduced in Casp11~/~ but not
Tlr4~/~ mice.

Wu et al'?’ also analyzed the mechanism by which
activation of caspase 1 leads to induction of TF expression
in mice. They used the E. coli T3SS rod protein Epr] to activate
caspase 1. Injection of Epr] into mice increased EV TF activity
and TAT in plasma and fibrin deposition in the liver and
spleen at 90 minutes. The Epr]-dependent increase in EV TF
activity and TATrequired caspase 1 and GSDMD but not TLR4.
The Epr]-dependent increase in EV TF activity was also
reduced in Gsdmd~~ mice. Importantly, administration of
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the rat anti-mouse TF monoclonal antibody 1H1 reduced
levels of TAT and increased survival of the mice. In addition,
treatment of mice with clodronate-containing liposomes to
deplete monocytes and macrophages reduced levels of TAT
and increased survival.

Wu et al'?” examined LPS induction of TF expression in
BMDMs. Cells were primed with poly I:C and then trans-
fected with LPS and incubated for 5 hours. LPS induced TF
protein expression in primed cells and the release of TF-
positive EVs into the culture supernatant. TF expression was
dependent on caspase 11 and GSDMD and independent of
TLR4. In addition, Wu et al'®’ found that treatment of
BMDMs with Epr] for 45 minutes induced TF protein expres-
sion and release of TF-positive EVs into the culture superna-
tant. The induction of TF protein expression was dependent
on caspase 1 and GSDMD and independent of TLR4.'%’

Yang et al’® analyzed LPS induction of TF expression in
mouse peritoneal macrophages (PMs). LPS was delivered into
the cytosol of PMs using cholera toxin subunit B. LPS increased
TF activity in the PMs, and this was dependent on caspase 11
and GSDMD. Lactadherin and MFG-E8 reduced TF activity of
LPS-stimulated PMs. However, LPS induction of TF mRNA and
protein expression in PMs was not reduced in Gsdmd 7/~ PMs.?®
Externalization of PS is known to increase TF ::lctivity.128 Yang
et al?® analyzed the mechanism of PS exposure and increased
TF activity in PMs. They found that reduced expression of
transmembrane protein 16F (TMEM16F), which is a calcium-
dependent lipid scramblase, prevented LPS-induced PS expo-
sure and TF activity. Finally, it was shown that LPS-induced PS
exposure and TF activity was independent of pyroptosis.

Another study analyzed the role of transmembrane pro-
tein 173 (TMEM173, also known as STING) in the expression
and release of TF in a mouse cecal ligation and puncture (CLP)
model."® CLP induced DIC and fibrin deposition in lung,
liver, and spleen. In addition, CLP increased levels of TF
protein in the plasma measured using a commercial ELISA
(Abcam, cat. # ab214091). Importantly, monocytes isolated
from Tmem173~/~ mice 48 hours after CLP had reduced levels
of TF protein in the culture supernatant but not TF mRNA in
the cells compared with monocytes isolated from wild-type
mice after CLP. This suggested that TMEM173 was required
for the release of TF-positive EVs. Additional studies demon-
strated that activation of TMEM173 led to an increase in
intracellular Ca®*, activation of caspase 1, activation of
GSDMD, and pyroptosis. Interestingly, E. coli-induced activa-
tion of GSDMD and TF release from BMDMs was abolished by
double deletion of Casp1 and Casp11 but not by inhibition of
caspase 8. In contrast, Streptococcus pneumoniae-induced
activation of GSDMD and TF release from BMDMs was
abolished by the caspase 8 inhibitor but not by a double
deficiency of caspase 1 and 11. This indicates that different
caspases activate GSDMD in response to different
pathogens. =Fig. 7 shows a summary of the different studies.

It is difficult to compare these studies because they used
different in vitro models, such as BMDMs and PMs, and
different in vivo models. At present, it is unclear if TF
expression by macrophages contributes to the activation of
coagulation in the different models. As discussed above, we
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have shown that hematopoietic cells and myeloid cells
contribute to approximately 50% of the activation of coagu-
lation in a mouse model of endotoxemia.®”>'%? In addition,
increased vascular permeability, which occurs during endo-
toxemia and sepsis,no'131 will expose perivascular TF to
blood and this will also contribute to the activation of
coagulation. Clearly, additional studies are needed to resolve
the different observations and to determine the cellular
sources of TF that activates coagulation following activation
of inflammasomes.

It should be noted that some of the assays used in these
studies to measure TF may not be reliable. One study98 used a
commercial assay (AssayPro) to measure plasma TF activity.
However, the commercial assays that claim to measure
plasma TF activity do not distinguish between TF-dependent
and TF-independent factor Xa generation.'3 There are many
different commercial ELISAs for both human and mouse TF.
However, we found that four commercial ELISAs for human
TF failed to detect TF in LPS-stimulated human whole
blood.'33 Shi et al'?® used a mouse TF ELISA (ZC1B10, Cat#
2C-39071) to measure TF levels in plasma from endotoxemic
mice but no controls were used to show the specificity of this
ELISA. Two of the studies®®'?” analyzed TF expression in
macrophages using western blotting with an anti-TF anti-
body from Abcam (Cat# ab151748). We showed that this
antibody does not recognize TF but rather binds to a nonspe-
cific band that is present in TF-deficient cells.'3

Inflammasomes and Venous Thrombosis in
Mice

Two studies analyzed the role of caspase 1 in a mouse model of
inferior vena cava venous thrombosis. Zhang et al'>> found that
Casp1~'~ mice and Gsdmd '~ mice had smaller thrombi com-
pared with wild-type mice. Thrombus size was also reduced in
mice deficient in TF and in wild-type mice in which monocytes
and macrophages had been depleted with gadolinium chlo-
ride. This treatment did not affect neutrophil counts. The
authors concluded that TF from monocytes and macrophages
plays a role in formation of the thrombus. However, mice with
a selective deficiency of TF in monocytes and macrophages
were not analyzed. Campos et al'3® showed that stimulation of
neutrophils leads to the generation of active caspase 1 that is
associated with neutrophil extracellular traps (NETs). Venous
thrombi formed in the mouse inferior vena cava model also
contained active caspase 1. Interestingly, a large amount of the
caspase 1 was associated with platelets in the thrombus.
Importantly, inhibition of caspase 1 reduced venous thrombo-
sis in mice without affecting NET formation. These findings
indicate that the canonical inflammasome pathway contrib-
utes to venous thrombosis in mice.

Monocyte TF Expression during Viral Infections

TF expression is increased in different cell types, including
monocytes, during viral infections.'’ For instance, TF ex-
pression is increased in monocytes in people living with
human immunodeficiency virus (HIV) compared with
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Fig. 7 Role of differentinflammasomes in the induction of tissue factor (TF) expression and activation of coagulation. Lipopolysaccharide (LPS)-
induced activation of coagulation was shown to be dependent on Toll-like receptor 4 (TLR4), the canonical inflammasome pathway (NOD-, LRR-,
and pyrin domain-containing protein 3, [NLRP3]), the noncanonical inflammasome pathway (caspase 11), and gasdermin-D (GSDMD). These
pathways lead to the expression of TF, release of TF-positive extracellular vesicles (EVs) after pyroptosis and activation of the coagulation. In
addition, formation on nanopores in cell membranes leads to an increase in intracellular calcium, phosphatidylserine (PS) exposure, increased TF
activity, and activation of coagulation. Priming with polyinosinic:polycytidylic acid (poly I:C) and stimulation with LPS induces the noncanonical
inflammasome caspase 11/GSDMD pathway, whereas stimulation with bacterial rod protein Epr) induces the canonical caspase 1/GSDMD
pathway. Both pathways lead to TF expression, release of TF-positive EVs after pyroptosis, and activation of coagulation.

healthy individuals.">® Monocyte TF expression in people
living with HIV also correlated with viral load and D-di-
mer.'3° Ebola virus induced TF mRNA expression in human
PBMCs, and levels of TF mRNA were increased in PBMCs
isolated from infected monkeys.'*® Monocytes in platelet-
monocyte aggregates isolated from COVID-19 patients
expressed TFE.'4! Another study showed that binding of plate-
lets from COVID-19 patients to monocytes induces TF expres-
sion and this expression amplifies the expression of
proinflammatory cytokines.'*? Single-cell RNA sequencing
of PBMCs from COVID-19 patients demonstrated a 5.2-fold
increase in TF mRNA expression compared with controls.'*?
Similar data were found using bulk RNA sequencing of sorted
CD14-positive monocytes from COVID-19 patients. Levels of
EV TF activity are increased in patients with COVID-19 and
correlated with severity, thrombosis, and mortality.! 12144-146
The cellular source of the TF-positive EVs has not been
defined but depletion of leukocyte-derived EVs reduced the
level of EV TF activity suggesting that activated monocytes
contribute to the pool of circulating TF-positive EVs in
COVID-19 patients.'#’

Inhibition of the TF-FVIla complex with the tick salivary
anticoagulant protein Ixolaris reduced D-dimer levels, inflam-
mation, immune activation, and plasma viremia in monkeys
infected with simian immunodeficiency virus."*® In addition,

inhibition of the TF-FVIla complex using recombinant nema-
tode anticoagulant protein c2 reduced mortality of monkeys
infected with Ebola virus.'*® These studies suggest that TF,
including monocyte TF expression, plays a central role in the
coagulopathy and pathology associated with viral infections.

Conclusion

LPS induces transient expression of TF in monocytes that is
part of the innate immune response to pathogens. However,
monocyte TF can also induce thrombosis and DIC. Understand-
ing the mechanisms that lead to the induction of TF expression
in monocytes will allow the development of selective inhib-
itors to reduce pathologic activation of coagulation in endo-
toxemia and sepsis and other diseases without affecting
hemostasis. A recent review described the induction of TF
expression in monocytes by antiphospholipid antibodies.'*?
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