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ARTICLE INFO ABSTRACT

Keywords: Tissue factor pathway inhibitor (TFPI) is an important regulator of coagulation and a link between inflammation

TFPI and thrombosis. Here we investigated whether endothelial cell-driven oxidative post-translational modifications

Endothelial _CSE could have an impact on TFPI activity. We focused on S-sulfhydration, which is a hydrogen sulfide-dependent

(S;j:;ﬁl]zﬁ?;m post-translational modification that, in endothelial cells, is regulated by the enzyme cystathionine y-lyase
(CSE). The study made use of human primary endothelial cells and blood from healthy individuals or subjects
with atherosclerosis as well as from mice lacking endothelial CSE. TFPI was S-sulfhydrated in endothelial cells
from healthy individuals and mice, while the loss of endothelial CSE expression/activity reduced its modifica-
tion. Non-S-sulfhydrated TFPI was no longer able to interact with factor Xa, which facilitated the activation of
tissue factor. Similarly, non-S-sulfhydratable TFPI mutants bound less protein S, while supplementation with
hydrogen sulfide donors, preserved TFPI activity. Phenotypically, loss of TFPI S-sulfhydration increased clot
retraction, suggesting that this post-translational modification is a new endothelial cell-dependent mechanism
that contributes to the regulation of blood coagulation.

1. Introduction

Vascular disease is frequently associated with an enhanced risk of
thrombosis, partly because under pathophysiological conditions cells
within the vasculature release tissue factor (TF) [1]. TF activation ini-
tiates coagulation by binding to factor (F) VIIa to activate FX, which in
turn, leads to thrombin generation and the formation of fibrin. The
potential detrimental effects of the intravascular FVIIa/TF/FXa complex
are partially counteracted by the protein tissue factor pathway inhibitor
(TFPI) [2]. The latter is an anticoagulant glycoprotein of 276 amino
acids that is organized into an acidic N-terminal sequence, 3 tandem
Kunitz (K)-type inhibitory domains and a basic C-terminal tail that plays
an important role in regulating the initiation of blood clotting [3,4]. The
microvasculature is the main site of TFPI production [5], and TFPIa is

secreted by endothelial cells in response to stimulation with thrombin,
heparin or shear stress.

While pro-thrombotic events have been partly attributed to a lack of
endothelial cell-derived nitric oxide or prostacyclin, it is clear that other
mechanisms are likely to also play a role. One endothelial cell pathway
of potential relevance, that is directly impaired by vascular inflamma-
tion, is the generation of hydrogen sulfide (H2S) and polysulfides (H2Sy)
by the enzyme cystathionine y-lyase (CSE) [6]. Indeed, we recently
described the biological role of CSE-derived polysulfides in vascular
homeostasis [6] and how the S-sulfhydration of selected proteins con-
tributes to the maintenance of endothelial cell fitness [7-9]. This pro-
tective modification is lost in conditions in which the enzyme CSE is
inhibited, such as in advanced human vascular disease [8]. In a screen of
S-sulfhydrated proteins in endothelial cells, TFPI was found to be
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modified on Cys250 under basal conditions but the modification was no
longer detectable during atherogenesis. This particular cysteine residue
is located in one of the 3 tandem K-type inhibitory domains of TFPI, i.e.
K3 [10], and is required for the interaction of TFPI with protein S (PS),
which is required to enhance its activation [10]. TFPI is a heavily
post-translationally modified protein (summarized in Ref. [11]), with
reported modifications including the proteolysis of its COOH-terminal,
partial phosphorylation of Ser2, N-glycosylation, sulfation of N-linked
sugar chains, O-glycosylation and most recently citrullination [12].
While the redox-dependent regulation of TFPI has not been reported to
date, reactive oxygen species have been shown to induce a
pro-coagulant state in endothelial cells by altering TFPI structure and
preventing the binding of TFPI to FX [13]. Herein we sought to deter-
mine the impact of S-sulfhydration on the function of TFPI, its in-
teractions with PS and its ability to interact with FXa to inhibit TF.
Moreover, we assessed a potential link between the loss of endothelial
cell CSE activity, subsequent decrease in TFPI S-sulfhydration and
elevated coagulation.

2. Materials and methods

Details are described in the Supplementary Data. All tools and data
are available upon request.

3. Results
3.1. Endothelial CSE preserves TFPI secretion and S-sulfhydration

TFPI protein was expressed at comparable levels in cultured pul-
monary microvascular endothelial cells from wild-type mice and their

littermates that lacked endothelial cell CSE (CSEiEC mice) (Fig. 1A).
Consistent with the deletion of CSE, H»S,, availability was attenuated in

A
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cells from CSEEC mice (Fig. 1B) and there was a marked reduction in the
S-sulfhydration of endothelial cell TFPI as well as circulating TFPI
(Fig. 1C). Importantly, the S-sulfhydration of TFPI in endothelial cells
and plasma could be rescued by feeding mice with the HaS, donor
SG1002 for 2 weeks (Fig. 1C), indicating that TFPI is an acceptor protein
of endothelial HS,,. TFPI is a secreted protein and we hypothesized that
S-sulfhydration could act as a secretion or retention signal. Therefore,
levels of TFPI were assessed in microvascular lung endothelial cells and
plasma from the same animals. This revealed that TFPI levels were
greater in CSE-deficient endothelial cells and lowest in plasma from
CSEFC mice (Fig. 1D). Both, the endothelial cell retention and the
decreased plasma levels of TFPI were reversed by giving SG1002 to
CSEFC mice (Fig. 1D).

Given that the expression and secretion of TFPI depends on blood
flow [14] and the expression of CSE is regulated by flow [7,15], we
evaluated the impact of CSE deletion on TFPI secretion and S-sulfhy-
dration in response to shear stress. Murine endothelial cells exposed to
laminar or disturbed flow exhibited distinct intracellular levels of TFPI,
with laminar flow inducing the most marked increase in intracellular
and secreted TFPI levels. However, in both cases the loss of endothelial
CSE increased intracellular TFPI levels and reduced that detected in the
cell supernatant (Supplementary Fig. 1A), indicating an effect of CSE
activity on protein retention/secretion. The deletion of CSE was linked
to reduced S-sulfhydration of TFPI in all of the tested conditions (Sup-
plementary Fig. 1B). Although the expression of CSE is upregulated by
disturbed flow in atheroprone regions [7,15], its activity is inhibited by
inflammatory stimuli in early stages of atherosclerosis [9]. In particular,
inflammatory cytokines have been shown to inhibit CSE through phos-
phorylation on Ser377 [9]. To link CSE activity with TFPI S-sulfhydra-
tion in the context of vascular disease, we evaluated the impact of IL-1p
on the S-sulfhydration of TFPI. Indeed, when human umbilical vein
endothelial cells were exposed to IL-1p, which reduced polysulfide levels
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Fig. 1. Loss of murine endothelial CSE reduces TFPI secretion and S-sulfhydration.
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(A) TFPI, CSE and GAPDH levels in pulmonary endothelial cells from wild-type (WT) and endothelial cell-specific CSE knockout (iEC) littermates at passage 5; n = 6
independent cell batches/group. (B) Polysulfide levels (H»S,) in cells as in panel A; n = 6 independent cell batches/group. (C) S-sulfhydration of TFPI (TFPI-SSH)
detected as the relative fluorescence intensity of Daz2:Cy5/NBF in endothelial cells and plasma from WT and iEC mice; n = 6 mice/group. (D) Endothelial cell (left

panel) and plasma (right panel) levels of TFPI in WT and iEC mice treated with vehicle or SG1002 (40 mg/kg/day in diet) for 2 weeks; n = 6 mice/group.

*HHP

0.001, Student’s t-test (A, B), one-way ANOVA and Bonferroni multiple comparisons test (C, D).
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(Supplementary Fig. 2A), TFPI S-sulfhydration was reduced (Supple-
mentary Fig. 2B). To determine whether similar events occurred in
atherosclerosis in humans and to evaluate if there is a link between CSE
and TFPI, experiments were repeated using endothelial cells isolated
from healthy plaque-free arteries (PF) or arteries containing athero-
sclerotic plaques (P). Indeed, in endothelial cells isolated from
plaque-containing arteries of patients with high circulating levels of
IL-1pB (Fig. 2A), CSE was phosphorylated on Ser377 and contained more
cellular TFPI (Fig. 2B). HyS,, levels were also lower in the latter cells
(Fig. 2C). TFPI S-sulfhydration was reduced in endothelial cells and
plasma from subjects with atherosclerosis (Fig. 2D). The in vitro addition
of SG1002 to plaque-derived endothelial cells placed in culture and to
plasma samples restored TFPI S-sulfhydration and H,S, also reduced
TFPI retention by the endothelium (Fig. 2E). Interestingly, a strong
correlation between endothelial TFPI levels and H,S, bioavailability
was observed (Fig. 2F), indicating a direct consequence of S-sulfhydra-
tion on TFPI secretion.

3.2. Loss of TFPI S-sulfhydration induces tissue factor activity and
reduces its binding to protein S and FXa

Next, we evaluated the impact of S-sulthydration on TFPI activity.
Given that TFPI directly binds to TF to inhibit it [2], we assessed TF
activity in endothelial cells from wild-type and CSEEC littermates as well
as CSEC mice that received SG1002 for 2 weeks. There was a 2-fold
increase in TF activity in endothelial cells that lacked CSE, an effect
that was reduced by treatment with SG1002 to the levels detected in
wild-type mice (Fig. 3A). As the S-sulfhydrome dataset identified
Cys250 as the site of S-sulfhydration [8], we mutated Cys250 to alanine
to generate a non-S-sulfhydratable C250A TFPI mutant. Cys250 was
indeed S-sulfhydrated in the wild-type protein and, since no signal was
detected in cells expressing the C250A mutant, we concluded that
Cys250 is the predominant S-sulfhydrated residue in TFPI (Fig. 3B).
Next, we assessed the impact of the lack of S-sulfhydration on TF ac-
tivity. The cellular expression of the wild-type TFPI and the C250A
mutant was comparable but the introduction of the TFPI mutant
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markedly increased TF activity (Fig. 3C). Since TF activity is determined
by PS binding [10], the impact of S-sulfhydration of Cys250 on the
ability of TFPI to bind PS was assessed. This revealed that the physical
association of the two proteins was abolished by the mutation of Cys250
(Fig. 3D). A separate ligand blotting approach was used to confirm the
association of the two proteins. To this end, purified wild-type TFPI or
the C250A mutant were incubated with increasing concentrations of PS
in the presence of the HS donor NaHS or in the presence of DTT to
remove any potential S-sulfhydration. While the wild-type TFPI protein
bound PS in a concentration-dependent manner that was increased in
the presence of NaHS, the binding of PS to the C250A mutant was less
pronounced and unaffected by the HyS donor (Fig. 3E). As FXa forms a
complex with PS and TFPI, we determined whether or not the loss of
TFPI S-sulfhydration also interfered with its ability to bind FXa. TFPI
immunoprecipitated from CSE-deficient murine endothelial cells phys-
ically associated with less FXa than the TFPI immunoprecipitated from
CSE-expressing endothelial cells (Fig. 4A). The latter effect was largely
normalized by treating the cells with SG1002 (Fig. 4A). A comparable
effect on FXa binding to TFPI was observed in human endothelial cells as
the association of the two proteins was markedly impaired in endothelial
cells from subjects with atherosclerosis (Fig. 4B). To address the func-
tional impact of our observations, we performed a clot retraction assay
using thrombin-stimulated whole blood. This revealed that clots from
CSEEC mice retracted faster than clots generated using blood from their
wild-type littermates (Fig. 4C). When S-sulfhydration of TFPI and its
associated proteins was evaluated in whole blood from wild-type mice
receiving vehicle or SG1002, only TFPI was found to be modified
(Supplementary Fig. 3). There was no detectable S-sulfthydration either
on PS, TF or FX. To demonstrate the impact of S-sulfhydration on this
phenomenon, blood from CSEFC was incubated with SG1002, which
abrogated clot retraction. Similarly, when an excess of NaHS-treated
wild-type TFPI was added to the assay, clot retraction failed to occur
over 90 min, while retraction in the presence of C250A-TFPI mutant was
comparable to the effect observed in the absence of an H,S, donor
(Fig. 4D). Wild-type mice treated with SG1002 for two weeks did not
show a clear significant effect in endothelial and plasma TFPI levels

A * k% B pr p i c
£ 100 33 3} - Sk 4 p=0.09 - xx
> a & s
g 80 o 55 s L
S 60 ﬂ -TFPI S 2 5 T 10
o 3 ‘B olo o
= 55 o 24 ° =
;e T CE-I HE L
5 20 : b
3 18 374 GAPDH & - 5o 588
= PF P = PF P PF P PF P
D Endothelial Plasma E Endothelial  F

15— ***k k%% 15— *k%k k%% 5 *kk kkk 3

©

™ o o 4 z
L 104 & L1043 = ’—‘ £E2 ®
% & - 93 -3 (oYe)
% @ =2 o5 (e}
= 05 205 5 ° o & 1
& i = % % gk |r=-008560
: a - @« o P = 0.0056

0.0 0.0 0

K RO & Q .0
< k2 < o & R P 0.00.1 020304
? HS,

Fig. 2. Vascular disease inactivates CSE and reduces TFPI S-sulfhydration.

(A) Circulating levels of IL-1f in plasma from individuals used to isolate endothelial cells from atherosclerotic plaque-containing carotid arteries (P) or healthy
arteries (PF); n = 6 independent cell batches/group. (B) TFPI, phosphorylated CSE (on Ser377) and GAPDH in endothelial cells from atherosclerotic plaque-
containing carotid arteries (P) or healthy arteries (PF); n = 6 independent cell batches/group. (C) H,S, levels in cells as in panel B. (D) TFPI-SSH detected as the
relative fluorescence intensity of Daz2:Cy5/NBF in endothelial cells and plasma from P or PF arteries; SG1002 (1 pmol/L) was added for 15 min in both isolated cells
or plasma from the respective arteries. n = 6 independent cell batches/group. (E) TFPI in endothelial cells from P or PF arteries, treated with solvent or with SG1002
(1 pmol/L, 24 h); n = 6 independent cell batches/group. (F) Linear correlation of endothelial TFPI and H,S,, levels in plaque-containing endothelial cells (Pearson).
***P < 0.001, Student’s t-test (A, B, C), one-way ANOVA and Bonferroni multiple comparisons test (D, E).
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Fig. 3. Loss of TFPI S-sulfhydration induces tissue factor activity and inhibits protein S binding.

(A) Active tissue factor (TF) in pmol/L (pM) in plasma of wild-type (WT) and endothelial-cell specific CSE knockout mice (iEC) littermates treated with solvent or
SG1002 (40 mg/kg/day) in the chow diet for 2 weeks; n = 6/group. (B) S-sulfhydration of TFPI (TFPI-SSH) detected as the relative fluorescence intensity of Daz2:
Cy5/NBF in HEK293 cells overexpressing CSE as well as WT or C250A-mutated TFPI; n = 6 independent experiments/group. (C) Representative immunoblot of TFPI
and HA (left panel) and TF activity in cells as in panel B. (D) Percentage of bound TFPI to PS identified by a microtiter plate assay in cells as in panel B; n = 6
independent experiments/group. (E) Ligand blotting of PS to TFPI. Representative immunoblot showing binding of increasing concentrations of PS to WT or C250A-
mutated TFPI. Experiments were also performed in the presence of 10 pmol/L NaHS to increase in vitro TFPI S-sulfhydration. As a negative control of S-sulfhydration,

samples were co-treated with 1 mmol/L DTT. Similar results were obtained in 3 independent experiments. ***P < 0.001. Student’s t-test (B, C, D), one-way ANOVA

and Bonferroni multiple comparisons test (A).

(Supplementary Fig. 4A), neither did the treatment with SG1002 of
blood from wild-type mice affect blood clot formation (Supplementary
Fig. 4B). These data indicate that protein S-sulfhydration significantly
influences TFPI secretion, activity and clot retraction and polysulfide
donors would be beneficial in cases that endothelial CSE is inhibited.

4. Discussion

The results of the current study highlight that the loss of H»S;, gen-
eration by endothelial cells decreases the S-sulfhydration of TFPI on
Cys250. The lack of S-sulfhydration had marked consequences on TFPI
activity and its ability to bind both PS and FXa and, thus, inhibit TF
activity. Functionally, the loss of TFPI S-sulfhydration resulted in
increased/accelerated clot retraction.

Endothelial dysfunction is the earliest phenotypic change detectable
in the vasculature following exposure to atherothrombotic factors.
Endothelial cell damage induces thrombotic complications as a conse-
quence of the reduced bioavailability of anti-thrombotic substances, e.g.
nitric oxide, and exposing sub-endothelial matrix proteins that stimulate
coagulation [16]. Vascular inflammation and endothelial cell damage
have also been shown to increase the release of pro-coagulants by
endothelial cells [17]. Recently, we proposed that, in response to
excessive vascular inflammation, endothelial cell dysfunction is initi-
ated by impaired activity of the enzyme CSE which impacts on the
ability of the endothelium to generate HyS and HsS;. Such loss of
endothelial H,S,, was found to be indispensable for the post-translational
modification of proteins by S-sulfhydration [8,9]. S-sulfhydration is
considered to be the main mechanism by which HsS, exert their bio-
logical effects. Indeed, we identified that vascular disease is associated
with marked changes in the S-sulfhydration of endothelial cell proteins,
to alter mechanosensing [8], redox balance [7] and atherosclerosis [9].
By screening for S-sulfhydrated proteins in endothelial cells we were

able to detect the modification of TFPI on Cys250 and show its reduction
in endothelial cells isolated from plaque-containing arteries.

TFPI synthesis is inflammation-independent [18], however, blood
flow is able to increase TFPI secretion [14], an effect that was abrogated
when endothelial CSE was deleted or inhibited. Perhaps the most
interesting observation was that the lack of TFPI S-sulfhydration
correlated with its increased retention in endothelial cells and a clear
decrease in its appearance in the cell supernatant. Although TFPI has
been reported to be continuously synthetized and secreted from the
vascular wall [19], our data indicate that this process of secretion can be
regulated by the oxidative post-translational modification of the protein,
i.e. by S-sulfhydration. Given that CSE expression and H,S;, generation is
highest in atherpoprone regions of the vasculature that are exposed to
disturbed flow [7,15], the S-sulfhydration of TFPI would be expected to
enhance the anti-thrombotic functions of the endothelium in these areas
at risk. However, the situation would be very different when vascular
inflammation occurs, which results in the phosphorylation and inacti-
vation of CSE and thus a decrease in protein S-sulfhydration.

Although a TFPI-deficiency syndrome has not been identified so far
in humans, the deletion of TFPI in mice results in embryonic lethality,
which highlights its vital importance for embryogenesis and organ
growth [20]. A low plasma level of TFPI is associated with an increased
risk of venous thrombosis [20]. Recent preclinical and clinical data
demonstrated that, despite the natural anticoagulant property of
thrombomodulin/protein C pathway, the TFPI/PS system functions as a
potent natural anticoagulant [10]. As the interaction of PS with the K3
domain of TFPI is essential for the potentiation of anticoagulant activity
and only the TFPIa isoform possess the K3 domain it has been proposed
that TFPIa possesses the most potent anticoagulant activity of all the
isoforms. The major site of TFPIa synthesis is the endothelium [5], and
previous studies have shown that optimal binding of endogenously
produced TFPIa at the cell surface requires the K3 domain. TFPI is a
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Fig. 4. TFPI S-sulfhydration preserves FX binding and delays blood clot formation.

(A) Representative immunoblotting of factor Xa (FXa) and TFPI after TFPI immunoprecipitation in pulmonary endothelial cells from WT and iEC littermates at
passage 5, iEC cells were treated with SG1002 (1 pmol/L, 24 h); n = 6 independent cell batches/group. IgG was used as a negative control. (B) Representative
immunoblotting of FXa and TFPI after TFPI immunoprecipitation in endothelial cells isolated from atherosclerotic plaque-containing carotid arteries (P) or healthy
arteries (PF); n = 6 independent cell batches/group. IgG was used as a negative control. (C) Clot retraction in response to thrombin in whole blood in response to
thrombin, isolated from WT and iEC littermates; n = 6 mice/group. (D) Clot retraction in whole blood from iEC mice. Samples were treated with solvent, SG1002 (1
pmol/L), TFPI C250A (1 pg) or WT TFPI (1 pg) for 5 min at 37 °C prior to thrombin addition; n = 6 mice/group. ***P < 0.001 one-way ANOVA and Bonferroni
multiple comparisons test (A, B), two-way ANOVA followed by Tukey’s multiple comparisons test (C, D).

heavily post-translationally modified protein and it has been proposed
that post-translational modifications including glycosylation between
the K2 and K3 domains may protect TFPI from proteolysis [11]. Inter-
estingly, redox regulation of TFPI has also been proposed as reactive
oxygen species induce a pro-coagulant state in endothelial cells by
altering TFPI structure, resulting in inhibition of TFPI binding to FXa
and loss of activity [13]. Our findings suggest that S-sulfhydration of the
K3 domain alters TFPI to PS binding and directly affects its anticoagu-
lant activity. Taken together our data highlight a previously unexplored
mechanism of endothelial redox-dependent TFPI regulation. Maintain-
ing endothelial homeostasis and CSE activity is expected to preserve
S-sulfhydration of endothelial TFPI and might serve as a mechanism
against thrombotic events.
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