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Żekanowska, E.; Lattanzi, S.;

Alexandre, A.M.; Kister-Kowalska,

A.; Słomka, A. Factor VII Activating

Protease (FSAP) and Its Importance

in Hemostasis—Part I: FSAP

Structure, Synthesis and Activity

Regulation: A Narrative Review. Int.

J. Mol. Sci. 2023, 24, 5473. https://

doi.org/10.3390/ijms24065473

Academic Editor: Vance G. Nielsen

Received: 17 February 2023

Revised: 11 March 2023

Accepted: 12 March 2023

Published: 13 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Factor VII Activating Protease (FSAP) and Its Importance in
Hemostasis—Part I: FSAP Structure, Synthesis and Activity
Regulation: A Narrative Review
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Abstract: Factor VII activating protease (FSAP) was first isolated from human plasma less than
30 years ago. Since then, many research groups have described the biological properties of this
protease and its role in hemostasis and other processes in humans and other animals. With the
progress of knowledge about the structure of FSAP, several of its relationships with other proteins
or chemical compounds that may modulate its activity have been explained. These mutual axes
are described in the present narrative review. The first part of our series of manuscripts on FSAP
describes the structure of this protein and the processes leading to the enhancement and inhibition
of its activities. The following parts, II and III, concern the role of FSAP in hemostasis and in the
pathophysiology of human diseases, with particular emphasis on cardiovascular diseases.

Keywords: factor VII activating protease; coagulation; hemostasis

1. Prima Facie of Factor VII Activating Protease (FSAP)

The first reference to factor VII activating protease (FSAP) appeared in the study by
Choi-Miura et al., dated 1996 [1]. Researchers purified this protein from human plasma
using the affinity chromatography on hyaluronan-conjugated Sepharose and named it
plasma hyaluronan-binding protein (PHBP) [1]. In 1999, Hunfeld et al. described, during
the purification of vitamin K-dependent coagulation factors from human plasma, a novel
plasma hyaluronan-binding serine protease (PHBSP) that exhibited amidolytic activity [2].
The authors implied that PHBP and PHBSP are proteins that originate from the same
precursor [1]. Presently, the most commonly used name for this protein is factor VII
activating protease (FSAP), which was named as such in the study by Römisch et al.,
indicating its role in factor VII (FVII) activation irrespectively of tissue factor (TF) [3]. Taken
together, there are several names for FSAP present in the literature, i.e., PHBP [4–10],
PHBSP [11], and hyaluronic acid binding protein 2 (HABP2) [12–14]; however, the authors
studied the same protein.

The FSAP molecule is expressed from the single copy HABP2 gene (35 kilobases
(kb) in length, 12 introns, 13 exons) localized on chromosome 10q25-q26 [4]. The HABP2
gene shows similarity to the genes of other serine proteases, such as factor XII (FXII),
tissue plasminogen activator (tPA), and urokinase plasminogen activator (uPA) [4]. The
PLAU gene encoding uPA is located near the HABP2 gene, on chromosome 10q24 [15].
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Considering these observations, the hypothesis that the HABP2 gene emerged from the
PLAU gene seems reasonable [4]. The previously mentioned similarities between HABP2
and other genes encoding hemostatic-related proteins encouraged further experiments
focused on FSAP functions.

The detailed analysis of HABP2 gene revealed the promoter sequence that is directly
upstream of the transcription start site and occurs in humans [16] and mice [4,16]. The
promoter sequence of HABP2 contains binding sites for transcription factors, including
activator protein 1 (AP-1), specificity protein 1 (SP-1), hepatocyte nuclear factor 1 alpha
(HNF1α) [4,16], hepatocyte nuclear factor 3 beta (HNF3β), activating transcription factor
3 (ATF3), c-fos, and CCAAT/enhancer binding protein delta (C/EBPδ) [16]. These data
might be helpful to understand the molecular basis of FSAP functionality.

1.1. Sites of FSAP Synthesis

FSAP is produced mainly by the liver, which was shown both in animal [17,18]
and human studies [1,4,7,19]. Besides hepatic sources, FSAP messenger RNA (mRNA)
has been found in the murine [7] and human kidney [1], human pancreas and skeletal
muscle [1]. The authors of the cited manuscript [1] postulated that the human brain
and heart could not synthesize FSAP. More specifically, a further study confirmed that
neurons and astrocytes did not express FSAP [20]. Different observations demonstrating
contradictory evidence of FSAP synthesis occurring in human lung and placenta tissue have
been described [1,21–24]. Choi-Miura et al.’s pioneering work did not observe FSAP mRNA
expression in the human lung and placenta [1]. Contrastingly, Mu et al. [25], Wygrecka
et al. [21], and Knoblauch et al. [22,23] found the rat [25] and human [21–23] lung to express
FSAP protein, although FSAP expression was limited to alveolar macrophages both in
rats [25] and humans [21]. The expression degree varied between these mammals. In
rats, FSAP signal in immunohistochemical staining was weak and shown by only a small
number of alveolar macrophages [25]. In alveolar macrophages from human tissue, the
protein staining for FSAP was strong, but FSAP mRNA level was very minor [21]. The series
of experiments using a mouse cell line indicated that FSAP protein was internalized by
alveolar macrophages and degraded in their lysosomes, casting doubt on the contribution
of these cells to FSAP synthesis [21]. In the case of the human placenta, Parahuleva et al.
demonstrated this organ to synthesize FSAP [24]. FSAP mRNA and protein in the placenta
were shown to gradually decrease with gestational age [24]. This increased expression in
first trimester placenta might be associated with the FSAP-driven stimulation of the human
trophoblast migration [24].

The ability of epithelial cells in the blood vessel wall to synthesize FSAP also remains
a matter of debate [17,19,26–29]. By way of illustration, Nakazawa et al. mentioned
unpublished data of Knoblauch et al. on the vessel wall synthesis of FSAP [26]. In turn,
Daniel et al. did not find FSAP protein in normal murine arteries [27], but Sedding et al.
detected the faint staining of FSAP antigen in the medial layer of murine arteries [17]. Both
studies demonstrated the lack of FSAP mRNA in the arteries of mice [17,27], including
the aorta, carotid artery [17,27], and femoral artery [17]. Sedding et al. concluded that the
absence of FSAP mRNA in arteries indicated that FSAP protein was possibly incorporated
from the circulation to the murine vasculature [17]. In agreement with studies on mice,
Kannemeier et al. [28] and Parahuleva et al. [19,29] reported that human normal arteries do
not express FSAP antigen. The sites of FSAP synthesis in tissues are shown in Figure 1a.

Human lymphocytes and dendritic cells have a very weak ability for FSAP mRNA
expression [19]. More recently, isolated human platelets were shown to express FSAP
mRNA and protein [29]. FSAP mRNA expression in platelets in vitro could be upregulated
by their activators, including adenosine diphosphate (ADP) and thrombin receptor acti-
vating peptide (TRAP) [29]. These results demonstrated the possible direct relationship
between platelet activation and FSAP, confirmed by the observation that acetylsalicylic
acid (ASA), the inhibitor of the platelet activation and aggregation, reduced human platelet
FSAP expression in vitro despite the presence of ADP and TRAP [29]. Thus, ASA therapy,
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e.g., in cardiovascular diseases, could potentially inhibit not only the platelet aggregation
but also the platelet FSAP expression [29]; however, the clinical consequence of this axis is
not fully understood.
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in mice. A weak FSAP signal was observed in the lungs of rats; (b) regions of single-chain FSAP 
(scFSAP) structure are N-terminal region (NTR), three epidermal growth factor (EGF) domains 
(EGF1, EGF2, and EGF3), kringle domain, and the C-terminal serine protease domain. The signal 
peptide of FSAP contains 23 amino acids. 
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vitro [21]. Contrastingly, in vitro-differentiated human macrophages had higher 
expression of FSAP mRNA than freshly isolated human monocytes in vitro [19]. Perhaps, 
the activation of the monocyte/macrophage lineage may lead to the changes in FSAP gene 
expression, but this speculation is yet to be confirmed. Furthermore, Parahuleva et al. 
detected FSAP protein in human monocytes and macrophages, simultaneously indicating 
the de novo synthesis of FSAP in these cells [19,30]. The ability of human monocytes [19,30–
32] and macrophages [19,30,31] to express FSAP mRNA in vitro was stimulated by 
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Figure 1. The places of factor VII activating protease (FSAP) synthesis and its structure: (a) FSAP
is found in the liver, kidney, pancreas, and skeletal muscle in humans as well as in the liver and
kidney in mice. A weak FSAP signal was observed in the lungs of rats; (b) regions of single-chain
FSAP (scFSAP) structure are N-terminal region (NTR), three epidermal growth factor (EGF) domains
(EGF1, EGF2, and EGF3), kringle domain, and the C-terminal serine protease domain. The signal
peptide of FSAP contains 23 amino acids.

The presence of FSAP mRNA in monocytes seems to be research model depen-
dent [17,19,27,30–32]. FSAP mRNA was not seen in murine monocytes [17,27], whereas
it was expressed by human monocytes [19,30–32]. As mentioned, Wygrecka et al. made
an interesting observation that human alveolar macrophages were a minor source of
FSAP mRNA, but mouse alveolar macrophages took up FSAP protein and metabolized
it in vitro [21]. Contrastingly, in vitro-differentiated human macrophages had higher ex-
pression of FSAP mRNA than freshly isolated human monocytes in vitro [19]. Perhaps, the
activation of the monocyte/macrophage lineage may lead to the changes in FSAP gene ex-
pression, but this speculation is yet to be confirmed. Furthermore, Parahuleva et al. detected
FSAP protein in human monocytes and macrophages, simultaneously indicating the de novo
synthesis of FSAP in these cells [19,30]. The ability of human monocytes [19,30–32] and
macrophages [19,30,31] to express FSAP mRNA in vitro was stimulated by proinflamma-
tory factors, including interleukin-6 (IL-6), interleukin-1α (IL-1α) [19], lipopolysaccharide
(LPS) [19,30–32], and nicotine [30]. The addition of hormones to cell cultures, namely
17β-estradiol (E2) and progesterone (P4), increased FSAP mRNA expression in human
macrophages [30,31]. In cultured human macrophages, one study also demonstrated the
elevation of FSAP protein levels, which was induced by LPS, nicotine, 17β-estradiol, and
P4 [30]. The hormone-driven FSAP upregulation in macrophages in vitro is in line with
the higher plasma levels and activity of FSAP in women compared to men [33,34]. The
higher FSAP mRNA expression in monocytes was also observed in women taking oral
contraception (OC) [30,31]. The difference in plasma levels and activities between the sexes
is described in detail later in this section of the manuscript.
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The influence of the proinflammatory mediators may depend not only on the type of
stimulating reactant but also on the type of stimulated cells and the condition of patients. In
healthy human individuals, tumor necrosis factor α (TNF-α) did not change FSAP mRNA
level in macrophages; however, the details of these experiments were not specified by
the authors [19]. Contrastingly, the next paper from these authors described that in acute
coronary syndrome (ACS) patients, TNF-α increased FSAP mRNA monocytic expression
in vitro to a higher extent than in monocytes of healthy individuals [32]. Moreover, TNF-
α, as well as IL-6, IL-8, and LPS but not IL-1β, induced the low baseline FSAP mRNA
expression in cultured lung microvascular endothelial cells [21]. In cell culture of pulmonary
endothelium, the induction of FSAP mRNA expression by LPS was in fact dependent on the
LPS-mediated production of endogenous IL-8 [21], which is a well-known proinflammatory
cytokine. Perhaps, this mechanism may be also responsible for the LPS-driven increased
synthesis of the FSAP protein in pulmonary endothelial cells, which was described in
another experiment conducted by Mambetsariev et al. [12].

In addition, the proinflammatory LPS-driven stimulation of low basal FSAP mRNA
was also seen in vitro in human bronchial epithelial cells [21]. These in vitro data are in
line with the pattern of FSAP pulmonary expression under pathological conditions [21,25].
As mentioned, it is controversial whether healthy animal and human lungs are able to
produce FSAP [1,21–23,25]. However, the proinflammatory LPS-driven stimulation of
FSAP mRNA was seen in vivo in murine pulmonary endothelium [12]. Moreover, during
the administration of LPS to mice [12], when acute lung injury was induced in rats [25],
and during acute respiratory distress syndrome (ARDS) in humans [21], FSAP was found
in alveolar macrophages of bronchoalveolar lavage (BAL) fluid [21], endothelial cells of
the lung [12,21,25] as well as bronchial [21] and alveolar [25] epithelial cells. Thus, some
proinflammatory factors might possibly regulate the ability of pulmonary system cells to
synthesize FSAP.

Apart from the mentioned lung endothelium, enhanced FSAP protein synthesis was ob-
served in mouse brain microvascular endothelial cells (mBMECs) following hypoxia and re-
oxygenation [35]. However, FSAP synthesis was not seen in some other cell cultures [19,27].
Human umbilical vein endothelial cells (HUVECs) [19] as well as human [19,27] and
murine [17] vascular smooth muscle cells (VSMC) were not able to exhibit FSAP mRNA
expression at all, even after stimulation with inflammatory cytokines.

Similarly to monocytes/macrophages, the inflammatory stimulation via IL-6, IL-1, and
LPS in vitro augmented FSAP mRNA expression in human trophoblast cells [24]. Finally,
FSAP protein synthesis was observed in pathological cells, namely several types of human
non-small cell lung cancer (NSCLC) [13].

Although FSAP synthesis in liver cells is commonly known, little is known about its
regulation. FSAP mRNA expression in mouse hepatic cells was not altered by the following
molecules: IL-1β, epidermal growth factor (EGF), platelet-derived growth factor-BB (PDGF-
BB), basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), connective
tissue growth factor (CTGF), estrogen, and P4 [16].

Interestingly, the stimulation of mouse hepatic cells by transforming growth factor-β
(TGF-β), a protein with anti-inflammatory properties, reduced FSAP mRNA expression and
protein levels [16]. This TGF-β-mediated inhibitory effect involved its receptor (TGF-β-type
1 receptor, ALK-5) and SMAD2 signaling pathway, although FSAP promoter sequence has
no SMAD binding sites [16]. Leiting et al. demonstrated that FSAP response to TGF-β was
dependent on ATF3-binding site of the HABP2 promoter region and accompanied by the
reduced c-fos binding to the promoter [16]. The authors suggested that TGF-β increases
ATF-3 and junB levels, which efficiently compete with c-jun/c-fos for the binding sites;
binding of ATF-3 and junB heterodimer to the promoter region of HABP2 would cause
decreased FSAP mRNA [16]. On the other hand, the expression of HABP2 mRNA in mouse
hepatic cells was elevated due to the treatment of cells with cyclic adenosine monophos-
phate (cAMP) pathway activators, including 8-(4-chlorophenylthio)adenosine 3′,5′-cyclic
monophosphate sodium (8-CPT) and a plant-based substance forskolin (coleonol) [36]. It
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was suggested that the high levels of cAMP might influence the generation of FSAP mRNA
via the activation of protein kinase A (PKA), which is a known cAMP activator-dependent
kinase [36].

In summary, it may be argued that the inflammatory response can critically regulate
FSAP. Sidelmann et al. even suggested that FSAP could possibly be an acute phase pro-
tein [37]. However, inflammation is not the only known regulatory mechanism of FSAP
synthesis. Low molecular weight hyaluronic acid (LMWHA), which disrupts the endothe-
lial barrier, increased the in vitro synthesis of FSAP in human pulmonary microvascular
endothelium [12]. High molecular weight hyaluronic acid (HMWHA), which enhances
vascular integrity, had exactly the opposite effect and reduced both FSAP mRNA and
protein expression in vitro [12]. Therefore, mediators of vascular integrity appear to be
important regulators of FSAP expression in vitro in endothelial cells.

1.2. FSAP Forms and Structure

Two forms of FSAP can be found in the animal and human plasma. Inactive FSAP
(proFSAP), otherwise called single-chain FSAP (scFSAP) [9–11,17–19,21,23,25,28,38–45], cir-
culates as a 60–78 kDa zymogen [1,2,11,21,38–40,42,46] consisting of 537 amino acids [1,11,38]
following a 23 amino acid sequence of signal peptide [1]. Due to autocatalytic activa-
tion [11,17,38,45,47], the proenzyme splits between Arg290 and Ile291 [1,42] into the active
form of 45-50 kDa [1,2,11,17,21,38,40] (290 amino acids of the heavy chain) [1,38] and
25-30 kDa [1,2,11,17,21,38,40] (247 amino acids of the light chain) [1,38] subunits linked
by 18 [1,38] disulfide bonds [1,2,38]. This active heterodimer is called two-chain FSAP
(tcFSAP) [2,9–11,17,18,21,23,25,28,38–45,48].

Structurally, FSAP is similar to hepatocyte growth factor activator (HGFA), though the
implication of this similarity remains obscure [1,49]. Several regions of FSAP structure have
been described, including the N-terminal region (NTR) [9,50], three EGF domains (EGF1,
EGF2, EGF3) [1,2,9,12,46,47,50], the kringle domain [1,9,46,47,50], and the C-terminal serine
protease domain [1,2,9,46,47,50]. FSAP structure is demonstrated on the Figure 1b. In the
active form of the protein, the EGFs and kringle domains are located on the tcFSAP heavy
chain, and the serine protease catalytic domain is located on the light chain of tcFSAP [1,2].
Although most of the original manuscripts have focused on the serine protease domain,
which is related to its hemostatic functions, all FSAP domains are crucial for the proper
functioning of the protein, especially in the interaction with various molecules in its
activation process.

NTR was defined to extend from Phe1 to Pro53 with a high content of acidic (Glu8,
Asp11, Asp13, Asp17, Asp20, Glu24, Asp25, Glu29, Glu30, Glu40, Asp43, Glu48, Asp49,
and Asp52) and aromatic amino acids (Phe1, Trp14, Tyr19, Tyr21, Tyr23, Tyr26, Trp44,
Tyr45, and Tyr46) [9]. NTR [9,10,50], or perhaps its subregion Glu40 to Asp52 [9], seems
to be important during FSAP autoactivation [9,10,50], especially in cooperation with the
EGF3 domain [9,50]. A significant role of EGF3 in the interactions with other molecules
can be found in several studies [9,12,48,51,52], but the involvement of the EGF2 domain
is less frequently mentioned [12,51]. The interactions of FSAP’s EGF3 with RNA [9,51]
and heparin led to the binding of these molecules with FSAP [9,48,51,52] and activation
of FSAP in vitro [9,51,52]. It was suggested that the three-dimensional (3D) structure of
EGF3 is crucial for the binding between FSAP and its cofactors leading to the activation
of this protein [51]. Nonetheless, tcFSAP generation in vitro might occur without cofactor
participation [6,9,11,28,38–42,53]. According to Altincicek et al., the four amino acids within
the EGF3 structure, Arg170, Arg171, Ser172, and Lys173 (the numbering includes 23 amino
acids of the signal peptide), which belong to the exposed loop of this domain, interact with
the negatively charged RNA through their positive charge [51]. The study of Yamamichi
et al. [9] distinguished three additional cationic amino acids of EGF3 responsible for the
heparin and RNA binding if compared to Altincicek et al. [51]. Thus, Yamamichi et al.
described Arg144, His145, Lys146, Arg147, Arg148, Ser149, and Lys150 as components of the
positively charged cluster of EGF3 [9]. It was suggested that the electrostatic interaction of
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acidic residues in NTR with basic amino acids in EFG3 of the scFSAP molecule could be the
mechanism that protected the EFG3 domain from binding to another scFSAP molecule [9].

It seems that the least attention in the literature has been paid to the kringle domain,
which was speculated to enable anti-angiogenic properties [8]. More specifically, it inhibits
basic fibroblast growth factor (bFGF)-induced tube formation of HUVECs [8]. Stavenuiter
et al. provided a more detailed analysis of the FSAP serine protease domain [14], which
exhibited the highest homology to plasmin [54]. FSAP has a chymotrypsin folding, thus the
serine protease domain is the model of dual antiparallel β-barrel [14]. The serine protease
domain contains the catalytic triad, namely Ser195, His57, and Asp102 in chymotrypsin
numbering [14]. The extension of the FSAP core has eight surface loops, which are consid-
ered to participate in the recognition of a substrate and regulate allosterically the catalytic
activity [14]. The 220-loop together with the 180-loop (chymotrypsin numbering) may
constitute the primary S1 specificity pocket, which is essential to identify the principle
substrate residue [14]. The 220-loop is in proximity with the N-terminus insertion pocket,
which stabilizes the S1 pocket after the proteolytic activation of the serine protease [14].
There are several possible sites in the serine protease domain, which could be responsible
for the binding of the ions that propagate FSAP activity, namely Ca2+ and Na+ [14,47].
For Ca2+, it could be Asp64, Asp66, Glu70, and Glu71 [47] in the 70-loop (chymotrypsin
numbering) [14,47]; for Na+, the probable binding site could be placed between the residues
in the 220- and 180-loop [14,47]. Although much is known about the FSAP structure, these
data are largely based on the analysis of the structure of the other chymotrypsins. Stavenu-
iter et al. mentioned that just the presence of the same structure in the protease domain
of FSAP and other serine proteases does not mean that the significance of this structure is
identical [14]. For this reason, further biochemical studies are needed to better understand
the structure of FSAP.

The proper FSAP autoactivation is probably followed by some conformational
changes [14]. Stavenuiter et al. proposed that the formation of the ion pairs between
Ile16 (in chymotrypsin numbering), a newly formed N-terminus of the light chain, and
Asp194 (in chymotrypsin numbering) of the serine protease domain is important for the
successful FSAP activation [14].

1.3. FSAP Levels in Human Biological Samples

FSAP mean levels in human plasma are in the range from 5 to 12 µg/mL [10,11,
33,38,44,46,55,56] or 80 to 200 nM [10,11,45]. More detailed quantification showed that
FSAP levels, activity [33,34,57], and activity-to-levels ratio [34] are sex-dependent. The
median levels are about 11.15 µg/mL (3.60–16.43 µg/mL) [33] or 97.4% [34] for women and
10.51 µg/mL (4.36–16.15 µg/mL) [33] or 87.5% [34] for men. The activity can be measured
in plasma equivalent units per ml (PEU/mL) [33]. The median activity in females is
955 mPEU/mL (50 to 1453 mPEU/mL) [33] or 81.1% [34], and in males, it is 841 mPEU/mL
(290 to 1326 mPEU/mL) [33] or 68.7% [34]. The ratio of the percentage FSAP activity
to percentage FSAP levels was higher in healthy women in comparison with healthy
men, i.e., 0.79 and 0.84 [34], respectively. Overall, women achieve higher values of FSAP
measurements than men, which is consistent with the previously described relationships
regarding the hormonal stimulation of FSAP synthesis by female sex hormones. Table 1
summarizes the mentioned data on FSAP levels and activity in healthy women and men.

Table 1. Factor VII activating protease (FSAP) levels, activity, and the ratio of percentage FSAP
activity to percentage FSAP levels in human plasma.

Measurement In Women In Men p-Value (Women vs. Men) * References

FSAP levels
11.15 µg/mL

(3.60–16.43 µg/mL)
10.51 µg/mL

(4.36–16.15 µg/mL) 0.07 [33]

97.4% 87.5% <0.001 [34]
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Table 1. Cont.

Measurement In Women In Men p-Value (Women vs. Men) * References

FSAP activity
955 mPEU/mL

(50–1453 mPEU/mL)
841 mPEU/mL

(290–1326 mPEU/mL) 0.0005 [33]

81.1% 68.7% <0.001 [34]

The ratio of percentage
FSAP activity to

percentage FSAP levels
0.79 0.84 <0.001 [34]

* FSAP levels (µg/mL) and activity (mPEU/mL) were compared between men and women with Wilcoxon’s rank
sum test (two-sided p values) [33]; FSAP levels (%), activity (%), and the ratio of percentage FSAP activity to
percentage FSAP levels were compared between the groups with Dunn test [34].

FSAP measurements are characterized by inter-individual variability, e.g., due to
genetic, lifestyle, and environmental factors. In women, FSAP measurements are par-
tially endocrine-regulated [30,31,37,55]. The observed higher FSAP levels and activities
in women [30,31,37,55] have been previously reported to be influenced by pregnancy [31],
OC alone [30,31,37], OC usage combined with smoking [30], or hormone replacement
therapy (HRT) [55]. Regardless of gender, the other potential regulators of the plasma FSAP
levels were the following: higher body mass index (BMI) [57], hypertriglyceridemia, high
fibrinogen levels [34,57], elevated levels of plasminogen activator inhibitor type 1 (PAI-1),
thrombin activatable fibrinolysis inhibitor (TAFI), and TAFI activation peptide [57]. These
connections further confirm the influence of inflammation and fibrinolysis on FSAP.

It was also verified whether FSAP could be found in specimens other than blood. The
molecular weight of FSAP should not allow its glomerular filtration in the kidneys, and
as expected, FSAP was not found in the urine of healthy humans and mice [58]. Similarly,
FSAP was not detected in BAL fluids of healthy volunteers [21,39].

As shown in this paragraph, FSAP is a protease produced by different tissues. The
predominant form circulating in the blood is inactive scFSAP, which can be activated to
tcFSAP. The preservation of the appropriate structure of FSAP and the interaction of its
domains, especially EGF3, with other molecules is paramount in protein activation. The
detailed mechanisms of these processes are described in the next section of our review.

2. (Auto)activation and Activity Profile of FSAP

As mentioned previously, FSAP circulates in the plasma as a zymogen (scFSAP), in
normal conditions [1,2,9,11,17,21,38–40,42,43,45,46,59]. If tcFSAP appears in the blood,
it is evident that the activation of zymogen has occurred. FSAP activation leads to the
generation of the active enzyme, and as a result, increased FSAP activity may be reported.
In the literature, both studies on FSAP activation and FSAP activity can be found. FSAP
activation experiments are designed to detect tcFSAP protein or tcFSAP-inhibitor complexes
and test what molecules or conditions lead to the formation of tcFSAP from scFSAP [6,7,9–
11,17,18,21,26,28,38–43,48,50–53,58–71]. FSAP activity tests exploit the ability of tcFSAP
to perform various functions; they use tcFSAP to perform its functions under laboratory
conditions and may verify the possibility to enhance or inhibit tcFSAP capabilities [2,3,9,11,
18,25,28,39,42,46,48,52–54,60,67,70,72–75]. The following part of this review collects data
on FSAP activation.

The process in which FSAP molecules bind and lead to tcFSAP generation was defined
by Etscheid et al. as an intermolecular autoactivation [11]. It occurred in vitro between
scFSAP and either scFSAP [38] or tcFSAP [9,11]. Yamamichi et al. demonstrated that
in vitro FSAP molecules could bind together regardless of their active state [9]; however,
the consequences of that phenomenon are not clear.

FSAP normally circulates in the plasma as a zymogen [1,2,9,11,17,21,38–40,42,43,45,46,
59]. scFSAP isolated from plasma can auto-convert to tcFSAP [6,9,11,28,38–42,53]. Interest-
ingly, the autoactivation of FSAP in vitro is faster in comparison with other chymotrypsin-
type serine proteases [11]. If purified scFSAP was incubated together with FSAP-deficient
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plasma, no cleavage of scFSAP occurred [38]. Yamamichi et al. showed that the incubation
of 80% (vol/vol) plasma with exogenous scFSAP in the presence or absence of exogenous
tcFSAP did not lead to the generation of endogenous tcFSAP in plasma [9]. It was consid-
ered that this lack of effect was due to the FSAP inhibitors in plasma [9]. If the plasma was
diluted to 10%, FSAP activation occurred, possibly via attenuated inhibition by the plasma
serpins [9].

The question is if FSAP can be activated during the sample storage, thus distorting
measured tcFSAP levels. Interestingly, there is a record of the storage influence on FSAP
activation in the plasma samples [43]. Stephan et al. mentioned that blood clotting did
not lead to the activation of plasma FSAP [43], but the details of this experiment were not
shown. It was demonstrated that in healthy donors, no tcFSAP was detected even after
3 h of storage of plasma samples at 37 ◦C [43]. Therefore, the autoactivation of scFSAP
did not start after the plasma collection from healthy subjects [43]. Pilot observations
of these authors suggest that in septic patients, the level of tcFSAP was constant during
sample storage at room temperature (within 3 h since blood collection), but the levels of
tcFSAP increased if samples were incubated at 37 ◦C [43]. Thus, in specimens at room
temperature, FSAP activation did not further progress despite the probable presence of
circulating cell fragments [43], which might increase tcFSAP generation. These data indicate
that, besides the patient’s condition, the storage temperature may affect FSAP activation.
The observation that plasma or serum of septic patients contains tcFSAP started the search
for the responsible mechanism of FSAP activation in septic blood.

scFSAP autoactivation generates tcFSAP, which, unlike scFSAP, has certain proteolytic
activities. Normally, scFSAP is found in the blood, so the induction of scFSAP activation
to tcFSAP may result in an increased FSAP activity. The evidence for the higher FSAP
activity caused by other FSAP molecules was shown in vivo by Subramaniam et al. under
pathological conditions [60]. In their experiment, the induction of carotid artery thrombosis
in wild-type (WT) mice did not affect endogenous FSAP activity [60]. However, when
human scFSAP was intravenously administered before the injury, an elevation of FSAP
activity occurred [60], suggesting that injected exogenous scFSAP induced the generation
of tcFSAP in vivo.

As a sign of the activation in vivo, tcFSAP was found in the plasma following liver in-
jury and partial hepatectomy of mice [7]. Moreover, the activation of endogenous FSAP was
seen in the plasma [21,43,59,61] or serum [62,63] of patients with ARDS [21], polytrauma
patients [59], patients after transhiatal esophagectomy [43], melioidosis patients [61], sub-
jects with sepsis [43,63] and septic shock [43], and during the low activity of systemic lupus
erythematosus (SLE) [62]. The increase in tcFSAP in the patients mentioned above suggests
a relationship between this protein and its activation with inflammation.

However, FSAP activation is not as obvious as it may seem because the level of tcFSAP
generation does not always rise with the exacerbation of inflammation. The degree of
FSAP activation in the blood remained constant [43], increased [43,61], or decreased [62]
with the severity of the patient’s condition. In the study by Stephan et al., there were no
FSAP activation differences between adults with septic shock versus severe sepsis [43],
which differ in severity. Notwithstanding, the same manuscript demonstrated that the
activation of FSAP in patients undergoing transhiatal esophagectomy was lower than in
sepsis [43]; thus, significant differences in FSAP activation were seen between the low- and
high-grade inflammation. As demonstrated by de Jong et al., from the hospital admission
until convalescence, melioidosis patients exhibited a strong decline in tcFSAP generation
towards the complete normalization [61]. Contrastingly, in sera of patients with the low
SLE activity, FSAP activation was increased in the comparison with the high activity of the
disease [62]. It shows that tcFSAP generation may be lower as the disease progresses, but
the reason was unknown [62].

In terms of fatality in children with meningococcal sepsis, FSAP activation was higher
in non-survivors than in survivors [43]. Nevertheless, other experiments did not find
an association between FSAP activation and mortality in adults with severe sepsis and
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septic shock [43], nor in melioidosis [61]. de Jong et al. speculated that possibly, in severe
melioidosis with advanced tissue damage, more tcFSAP was bound to dead cells and could
not be detected when applying the assay used in the plasma [61]. The difference between
the results of septic adults and septic children could be due to the greater homogeneity of
the group of children who suffered from one specific type of sepsis, compared with the
group of adults, which was heterogeneous and included patients with severe sepsis and
septic shock from surgical and medical intensive care unit [43].

As mentioned in the previous subsection, FSAP was not found in the urine [58] or
BAL [21,39] of healthy human subjects. The situation is different in pathological cases. The
urine of nephrotic mice and patients contained the tcFSAP form [58]. Two independent
studies by Wygrecka et al. detected tcFSAP in the BAL fluids [21,39] and the lung tissue [21]
of ARDS patients. However, tcFSAP is not specific to all types of tissue damage, because it
was not detected in murine plasma after kidney injury, though FSAP can be synthesized by
this organ [7]. This absence of tcFSAP after kidney injury in murine plasma [7] relative to
the mentioned presence of tcFSAP in the urine in the course of nephrotic syndrome [58]
may also indicate differences between the biological samples of animals and humans.

Irrespective of the dynamics of changes in FSAP activation over time, the detection of
endogenous tcFSAP indicates the activation of scFSAP in vivo. This occurrence seems to
be closely related to inflammation, which motivates research on FSAP activation in various
pathological states.

2.1. Enhancers and Inhibitors of FSAP Activation

FSAP can undergo autoactivation, but various factors in vitro and in vivo can acceler-
ate or inhibit the FSAP autoactivation process. To the best of our knowledge, most of the
studies on FSAP autoactivation involved in vitro conditions. The in vivo experiments were
conducted much less often. Selected activators and inhibitors regulating FSAP activation
are described below.

2.1.1. Enhancers of scFSAP Activation

Over the years, several studies have shown that scFSAP activation is accelerated by
heparin, a negatively charged glycosaminoglycan (GAG) [9–11,17,18,38,39,48,51–53,64].
The pioneering study by Etscheid et al. was the first to describe the enhancing effect of
unfractionated heparin (UH) on the isolated FSAP autoactivation [11]. Various groups
of researchers have performed mostly in vitro studies using purified or commercially
available molecules [9–11,17,18,38,48,51–53,64]. It was demonstrated that UH [48,52], mast
cell heparin, and low molecular weight heparin (LMWH) could bind to isolated FSAP [48].
These molecules propagate the autoactivation of isolated FSAP to varying degrees [48]. In
contrast to UH [48] or native heparin [9,48], low molecular weight heparin (LMWH) had a
minimal ability to act as the enhancer of isolated FSAP autoactivation. Moreover, LMWH
specifically reversed the effect of spermidine, another propagator of tcFSAP generation, by
inhibiting the spermidine-induced in vitro autoactivation of FSAP [9]. In turn, mast cell-
derived heparin, which has a higher negative charge than UH, was more potent in terms of
FSAP autoactivation increase in relation to UH [48]. The final conclusion of Muhl et al. was
that the size, charge density, and conformational flexibility of polyanions appeared to be
important for the interaction with isolated FSAP [48].

Contrary to the expectations based on the studies with purified systems, heparin failed
to improve FSAP activation in human plasma [10,59,65]. Taking into consideration that
sulfated glycosaminoglycans construct the extracellular matrix and are expressed by the
endothelium [66], the ultimate role of heparin in FSAP autoactivation, especially in vivo,
remains vague.

Importantly, FSAP activation could be influenced by the fibrinolysis regulator, uPA [38].
The generation of tcFSAP from purified scFSAP was accelerated by three forms of uPA,
including uPA zymogen (single-chain uPA, scuPA), active uPA (two-chain uPA, tcuPA),
and high molecular mass uPA (HMMuPA) [38]. Other studied isoforms, namely low
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molecular weight uPA, noncleavable and enzymatically inactive mutant scuPA-Gly158, and
N-terminal fragment of high-molecular-mass urokinase (ATF) did not affect the activation of
FSAP [38]. It indicated that the intact molecule and function of uPA were key to interacting
with FSAP [38].

Choi-Miura et al. observed tcFSAP in the plasma of mice after hepatic failure and after
partial hepatectomy [7]. To our knowledge, this study was the first to indicate a connection
between FSAP activation and tissue injury [7]. The incubation of human plasma [43,67]
or human serum [68] with apoptotic [43,67] or necrotic cells [40,43,68] caused the binding
of dead cells to FSAP [43] followed by the activation of FSAP [40,43,67,68]. No significant
activation of plasma FSAP by living human T lymphocyte cells (Jurkat cells) was seen [43].
However, the possibility of successful FSAP activation may depend on the cell culture,
because Kannemeier et al. described that isolated scFSAP autoactivated both in the absence
and presence of murine VSMC [28].

Some studies have focused on specific molecules that could emerge from dead cells
and contribute to the generation of tcFSAP. In the purified system, highly cationic hi-
stones [10,63] and their subtypes promoted scFSAP autoactivation [10]. The strongest
effect was demonstrated by histone 3 (H3), H2A, and H4 [10]. For example, the internal
sequence of amino acid residues of H2A has been demonstrated to be cardinal for the
acceleration of FSAP autoactivation [10]. Histones proved to be the powerful propagators
of the activation of endogenous FSAP as was shown in human plasma [10,59,66,69,70]
and sera [63] samples of healthy individuals. Animal studies support the activation of
FSAP by histones [10]. The activation of FSAP in mice via the injection of histones [10]
appears to be a breakthrough. This finding provided evidence of histone-promoted FSAP
autoactivation occurring in vivo [10]. Based on both animal and human studies on sepsis, it
was hypothesized the in vivo activation of FSAP could be due to the freed histones, but at
that point, no unequivocal proof of this conception was demonstrated [10,63]. To confirm
this hypothesis, further experiments and human studies are needed.

It is worth remembering that, besides free histone fractions, they can be complexed
with DNA in various forms, namely, nucleosomes, chromatin, or neutrophil extracellular
traps (NETs) [63,66,71]. It is not clear in which form histones are released from the dam-
aged cell [63]. This can be critical in the context of tcFSAP formation, as not all histone
forms lead to FSAP activation with comparable efficiency [59,63,66,71]. According to Se-
meraro et al., the DNA-histone complex promoted less effective plasma FSAP activation
in vitro relative to the histones alone [66]. Marsman et al. focused on the FSAP activation
by nucleosomes [63], which consist of DNA wrapped around a histone octamer. If the
nucleosomes were predigested to release histones and then added to human serum, tcF-
SAP was detected [63]. However, after the incubation of the intact nucleosomes with the
serum, the activation of FSAP was much weaker [63]. Presumably, the negatively charged
DNA neutralized the positive charge of histones [63], impeding them to promote FSAP
autoactivation.

Notwithstanding, the formation of tcFSAP in plasma correlated with the nucleosome
levels in adults post-surgery (r = 0.55, p < 0.0001 and r = 0.64, p < 0.0001 depending on the
measurement method of FSAP activation); patients with severe sepsis and septic shock
(r = 0.43, p = 0.006 and r = 0.44, p = 0.004, depending on the measurement method of FSAP
activation); children with meningococcal sepsis (r = 0.72, p < 0.0001 and r = 0.62, p < 0.0001
depending on the measurement method of FSAP activation) [43]; and polytrauma patients
(r = 0.76, p < 0.001) [59]. FSAP activation in plasma correlated also with the nucleosome
release in melioidosis subjects (r = 0.74, p < 0.0001) [61]. These reports [43,59,61] suggest
a link between FSAP and nucleosomes, but they do not clarify the mechanism by which
nucleosomes would activate FSAP.

Interestingly, the treatment of human plasma with chromatin, a more complex organi-
zation of nucleosomes, led to the activation of endogenous FSAP in vitro [59]. The histones,
together with the chromatin DNA, are also components of NETs [71]. The formation of
NETs is a type of cell death called NETosis, and it involves the release of nuclear factors [71].
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Analogically to the nucleosomes [63], when purified FSAP or plasma was added to the
neutrophils with induced NETosis, the binding between FSAP and NETs was seen; however,
NETs formed during NETosis failed to alter FSAP activation in vitro [71]. Only if NETs
were degraded by DNase and histones were freed, scFSAP conversion to tcFSAP in human
plasma became significantly promoted [71]. As in nucleosomes [63], in NETs, DNA seemed
to neutralize the histone functionality in the context of FSAP autoactivation [71]. Thus, in
the case of more complex structures consisting of histones, histone accessibility seems to be
essential to promote FSAP autoactivation.

Spermidine and spermine, which are positively charged polyamine compounds, can
be released massively to the plasma during tissue injury or cellular death [9]. Spermidine
increased intermolecular association between scFSAP and scFSAP, scFSAP and tcFSAP,
as well as tcFSAP and tcFSAP [9]. Both spermidine and spermine enhanced FSAP au-
toactivation in vitro [9]. This feature is not equally presented by other tested polyamines,
including putrescine, which exhibited little stimulatory function towards FSAP autoacti-
vation [9]. Polyamines are elevated in the inflammatory tissues and malignant cells [9].
Thus, a rupture of such cells could possibly provide enough polyamines to facilitate FSAP
autoactivation in vivo.

Nucleic acids, such as RNA, can also be released to the plasma as a result of cell
damage [26]. Nakazawa et al. identified negatively charged extracellular RNA as the
cell-derived cofactor for scFSAP autoactivation in vitro [26]. RNA bound both to scFSAP
at multiple sites of the heavy and light chain and to tcFSAP within its heavy chain [26].
Important domains of FSAP enabling interaction with RNA are EGF2 and EGF3 [51]. FSAP
at levels close to physiological values created RNA-FSAP complexes in vitro [26]; however,
the minimal necessary fragment length of RNA to serve as a cofactor is 100 [26]–200
nucleotides [51]. FSAP autoactivation was accelerated by ribosomal RNA (rRNA) [26,51],
mRNA [51], transfer RNA (tRNA), bacterial and viral RNA, as well as artificial RNA [26]
in the purified system [26,51]. Notwithstanding, the study of Altincicek et al. showed
that tRNA could augment the conversion of scFSAP to tcFSAP in vitro, but only under
the condition of high levels of tRNA [51]. The first doubts about the significance of RNA
in FSAP activation originated from the experiments reported by Zeerleder et al. [40] and
Stephan et al. [43]. These studies showed the contribution of apoptotic and necrotic cells
to generate tcFSAP in vitro [40,43]. The authors determined which cell-derived structure
could be responsible for their observations [40,43]. RNA was excluded as an accelerator
of FSAP activation because there was no difference in results between RNase-treated and
untreated cells [40,43]. Two independent studies by Yamamichi et al. confirmed that the
incubation of isolated scFSAP with RNA promoted FSAP autoactivation in the purified
system [9,10], but there was no such effect existing in the human plasma [10].

Finally, there are contrasting data on DNA and FSAP activation. Semeraro et al.
showed that DNA alone was not able to generate tcFSAP in the plasma [66]. Neither DNA
homologue [26] nor DNA [71] was able to affect tcFSAP generation. DNA also did not
form a complex with FSAP [26]. Conversely, Altincicek et al. noted that DNA had to be
added at high levels to promote FSAP activation [51]. Apparently, the capability of nucleic
acids to enhance FSAP autoactivation is controversial.

As FSAP autoactivation could be promoted by charged molecules, Sperling et al.
conducted a study of endogenous FSAP activation on the extended planar material sur-
faces [50]. The authors demonstrated that cationic polyethylenimine (PEI) could induce
FSAP autoactivation in the plasma and in whole blood samples [50]. Plasma FSAP activa-
tion was also seen on positively charged poly-L-lysine (PLL), but the effect was weaker in
comparison to PEI [50]. FSAP activation was not present on the surface with negatively
charged substrates such as glass and self-assembled monolayer with a carboxyl group
(C(=O)OH), or with a neutral charge such as polytetrafluoroethylene (PTFE, teflon) [50].
Sperling et al. discussed that the higher activation of FSAP on PEI than on PLL can indicate
how significant the charge density and chemical structure are for FSAP autoactivation [50].
It was concluded that cationic surfaces have comparable functionality to cationic macro-
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molecules such as histones in terms of FSAP autoactivation [50]. As mentioned, there are
negatively charged molecules that promote FSAP autoactivation in the purified system [9–
11,17,18,26,38,48,51–53,64] though neither anionic molecules [10,59,65] nor extended flat
anionic surfaces induced FSAP autoactivation in plasma [50]. The possible reasons for these
observations were considered, namely an inadequate molecular conformation, the charge
density of the anionic surface, or interfering plasma proteins [50]. Overall, this study is
especially intriguing in terms of the safety of polycationic surfaces in medical devices and
implants, as they could possibly lead to the generation of tcFSAP [50].

Factors accelerating FSAP autoactivation and their corresponding literature are sum-
marized in Table 2.

Table 2. Enhancers of single-chain factor VII activating protease (scFSAP) activation.

Name Studies In Vitro Describing the Influence

Single-chain urokinase plasminogen activator
(scuPA) [38]

Two-chain urokinase plasminogen activator
(tcuPA) [38]

High molecular mass urokinase plasminogen
activator (HMMuPA) [38]

Histones [10] 1, [59,63,66,69–71]

Nucleosomes (predigested) [63]

Chromatin [59]

Polyamines (spermidine, spermine, putrescine) [9]

Neutrophil extracellular traps (NETs)
(disintegrated) [71]

Apoptotic and necrotic cells [40,43,67,68]

Poly-L-lysine (PLL) [11,50]

Polyethylenimine (PEI) [50]
1 The effect was described in vitro and in vivo.

Table 3 presents weak enhancers of FSAP activation or enhancers for which the data
are contradictory.

Table 3. Weak enhancers of single-chain factor VII activating protease (scFSAP) activation and
enhancers for which data are contradictory.

Name Studies In Vitro Describing the
Influence Contradictory Data

RNA [9,10,26,51]
RNA was excluded as the cell-derived structure

promoting FSAP activation [40,43]. RNA failed to
promote FSAP activation in human plasma [10].

DNA Effect at high levels of DNA [51] Neither DNA homologue [26] nor DNA [66,71] was
able to affect FSAP activation in vitro.

Heparin [9–11,17,18,38,48,51–53,64] Heparin failed to promote FSAP activation in human
plasma [10,59,65].

Low molecular weight
heparin (LMWH) Weak effect [48]. LMWH inhibited spermidine-induced FSAP

autoactivation in vitro [9].

As presented, many various molecules are known as propagators of FSAP activation.
Interestingly, two theoretical mechanisms of FSAP autoactivation have been proposed
so far: the scaffold (template) mechanism [9,26,50,51] and the autoactivation complex
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model [9,10,50]. They are presented in Figure 2. The type of model depends on the positive
or negative charge of the enhancer of FSAP autoactivation [9,50]. Both autoactivation
mechanisms engage the NTR and EGF3 domains of FSAP [9,50]. Before the exploration of
the details of these two models, it is important to understand the interactions between the
domains of scFSAP. It was summarized that within the single inactive scFSAP molecule,
the basic amino acids of the EGF3 domain (Arg144, His145, Lys146, Arg147, Arg148, Ser149,
and Lys150) are guarded by the acidic (Glu8, Asp11, Asp13, Asp17, Asp20, Glu24, Asp25,
Glu29, Glu30, Glu40, Asp43, Glu48, Asp49, and Asp52) and aromatic residues (Trp14,
Tyr19, Tyr21, Tyr23, Tyr26, Trp44, Tyr45, and Tyr46) in the NTR [9]. This intramolecular
interaction between positively charged EGF3 and negatively charged NTR protects scFSAP
from binding to another scFSAP and thus prevents FSAP autoactivation [9,50]. However,
the presence of some ionized molecules [9,50] or surfaces [50] can unblock EGF3 from NTR,
making FSAP vulnerable to intermolecular autoactivation.
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charged molecules promote FSAP autoactivation in vitro in the scaffold (template) mechanism or the
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FSAP molecules.

Irrespective of the results in plasma [10,59,65] and the study on anionic surfaces [50],
negatively charged RNA [9,26,51] and heparin [9,51] promoted FSAP autoactivation in the
purified system in the so-called scaffold (template) mechanism [9,26,51] or the interaction
by binding [50]. In this model, an anionic molecule binds with the positively charged [50]
EGF3 domains of different scFSAP molecules, forming a specific anionic bridge [9,26,50]
between them. This anionic scaffold linking scFSAP molecules would facilitate their
autoactivation [9,50]. As mentioned, LMWH had limited capability to accelerate FSAP
autoactivation [9,48]. The possible reason could be surface of LMWH is too small to create
a scaffold between two FSAP molecules [9].

The autoactivation complex is the second proposed mechanism [9,10,50]. It is based
on the interaction with the cationic molecules, such as histones [10], and polyamines such
as spermidine, spermine, or putrescine [9]. Because spermidine [9] and H3 [10] elevated the
intermolecular binding of scFSAP, it was proposed that the positively charged molecules
could form an autoactivation complex together with FSAP molecules [9]. More precisely,
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the presence of cationic molecules near scFSAP would lead to the release of the negatively
charged NTR from EGF3 domain [9,50]. Thus, cationic molecules would allow for the
intermolecular interaction of the released NTR of one FSAP molecule with the EGF3 of
another FSAP molecule, leading to FSAP autoactivation [9,50]. This mechanism shows
cationic molecules as promoters of the FSAP autoactivation complex [9,50].

It shall be highlighted that both the autoactivation complex and template mechanism
are theoretical models and require further research.

2.1.2. Inhibitors of scFSAP and Its Activation

Contrary to the propagation of scFSAP autoactivation, little is known about its inhibi-
tion. It remains obscure whether any natural inhibitor present in human blood is able to
interact with and inhibit scFSAP as the data on this subject is fragmentary and, in some
cases, contradictory. Wygrecka et al. even suggested that an effective interaction of the
protease inhibitors with scFSAP is not expected due to the proteolytical inactivity of this
form [39].

Serpins circulating in plasma at high levels are C1-inhibitor (C1-inh) and α-2-antiplasmin
(AP) [10], but it is not known if they inhibit scFSAP activation. Shortly after FSAP discovery,
Etscheid et al. indicated that AP and C1-inh caused a slower autoactivation of purified
scFSAP [11]; however, to the best of our knowledge, it is the only study to provide such
information. Furthermore, even the authors of this manuscript suspected that AP- and C1-
inh-driven slowdown of FSAP activation was affected by the rapid inactivation of tcFSAP
generated during the assay [11] instead of scFSAP. This assumption is in agreement with
the common interpretation of the detected FSAP-inhibitor binding. Namely, the complexes
between FSAP and AP [10,43,50,59,61–63,67–71] or C1-inh [43,67,70] are considered the
markers of FSAP autoactivation in various in vitro and in vivo studies. Thus, although AP
and C1-inh are not usually associated with scFSAP inhibition, their complexing with FSAP
refers to the level of formed tcFSAP that is bound with the protease inhibitors.

An ambiguous observation concerning C1-inh, AP, and scFSAP can be found in
the study by Kanse et al. [59]. In human plasma of healthy individuals, FSAP was co-
immunoprecipitated not only with AP and C1-inh but also with many other inhibitors such
as α2-macroglobulin, α1-trypsin inhibitor, and heparin cofactor 2 [59]. The significance of
that result was not further examined, although the authors could not exclude that the men-
tioned inhibitors made complexes in vivo with scFSAP as the main FSAP form circulating
in the plasma [59]. To verify this hypothesis, further studies should be conducted.

In the case of PAI-1, another member of the serpin family, it is also not clear whether it
can inhibit the formation of tcFSAP from scFSAP [39]. Wygrecka et al. reported that PAI-1
did not bind or only exhibited limited binding with isolated scFSAP [39]. Moreover, this
small level of FSAP-PAI-1 complexes could in fact be the result of the interaction between
PAI-1 and tcFSAP, which autoactivated from scFSAP during the experiment [39].

As mentioned previously, LMWH is a weak enhancer of FSAP autoactivation [48],
but it inhibits spermidine-induced FSAP autoactivation [9]. Table 4 summarizes FSAP
activation inhibitors described in this subsection.

Table 4. Single-chain factor VII activating protease (scFSAP) activation inhibitors for which data are
contradictory.

Name Studies In Vitro Describing the
Influence Contradictory Data

α-2-antiplasmin (AP) [11]
FSAP-AP complexes are considered as the

marker of completed FSAP activation
[10,43,50,59,61–63,67–71].

C1-esteraze inhibitor (C1-inh) [11] FSAP-C1-inh complexes are considered as the
marker of completed FSAP activation [43,67,70].
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Table 4. Cont.

Name Studies In Vitro Describing the
Influence Contradictory Data

Plasminogen activator inhibitor
type 1 (PAI-1) Limited scFSAP-PAI-1 binding [39]. Another experiment of the same authors

indicated that scFSAP did not bind with PAI-1.

Low molecular weight heparin
(LMWH)

LMWH inhibited spermidine-induced
FSAP autoactivation [9]. LMWH weakly promotes FSAP activation [48].

2.2. Enhancers and Inhibitors of FSAP Activity

FSAP is a serine protease that circulates in the blood as a proteolytically inactive
zymogen. To perform protease activities efficiently, the zymogen must become active;
in other words, scFSAP must progress into tcFSAP [10,23,39–42,52,59,64]. Therefore, the
activation leads to an increase in FSAP activity in normal conditions. Studies on FSAP
activation analyze the formation of tcFSAP from scFSAP, while activity measurements
verify various functions of the already generated tcFSAP. Activity experiments are possible
by the direct use of purified tcFSAP or an induced activation of endogenous scFSAP before
the measurement. This subsection is focused on the numerous enhancers and inhibitors
of FSAP activity [2,3,9,11,18,25,28,39,42,46,48,52–54,67,70,72–75]. The majority of them
were reported in in vitro studies. It is worth mentioning that this subsection refers to the
unspecified activity of FSAP. FSAP performs many functions, so the term “activity” is
general and not specific. Importantly, different studies used various FSAP functions to
evaluate the efficiency of potential activators and inhibitors of its activity.

2.2.1. Enhancers of tcFSAP Activity

Heparin was studied as the potential enhancer of tcFSAP activity, but the conclusions
are not always consistent [3,9,18,25,28,42,46,48,52,72–75]. In many cases, the addition of
heparin [3,18,25,28,42,46,48,52,73–75] intensified the activity of tcFSAP in vitro. Without
heparin, FSAP was even unable to perform various activities in cultured human pulmonary
fibroblasts (HPF) [25] and primary hepatic stellate cells (HSC) [18].

However, the effect of heparin can differ under the specific conditions of the experi-
ment, such as the type of cell culture [75]. Heparin presence was necessary for FSAP activity
in human lung carcinoma epithelial (A549) cells; however, in human embryonic kidney
(HEK293T) cells, the influence of heparin on FSAP activity was insignificant [75]. The
ambiguous reports about heparin may depend on the time of the measurement. Heparin
increased the inhibitory activity of FSAP on DNA synthesis in mouse [48,73] and human
VSMC [28,73]. However, if the number of human VSMC was assessed in long term, i.e.,
after 5 days, heparin failed to propagate FSAP activity [28].

It remains controversial whether LMWH can enhance FSAP activities. LMWH pro-
moted FSAP activity in mouse VSMC [48] but failed to do so in human VSMC [28]. Similarly,
with regard to FSAP autoactivation, even if LMWH promoted FSAP activity in the study
by Muhl et al., it did so to a lesser extent than UH [48].

In summary, it cannot be unequivocally answered whether heparin is an enhancer
of FSAP activity or not. The influence of heparin and LMWH on FSAP activity appears
even more complicated if one would consider that these polyanions have been linked
to the inhibition of FSAP activity [54] or cooperation with tcFSAP inhibitors in some
experiments [11,46,48,52]. This inhibitory effect of heparin and LMWH is described further
in the next subsection.

In the case of the nucleic acids, RNA enhanced FSAP activity [73]; however, it also
served as the cofactor of the inhibitor-driven reduction of tcFSAP activity [39]. In com-
parison, the influence of DNA on FSAP activities was reported as weakly promoting or
even ineffective [73]. Although histones were shown to make a significant impact on FSAP
autoactivation, their effect on FSAP activity was not seen [10]. Similar findings concern
other cationic molecules, i.e., polyamines [9]. While they were potent to accelerate FSAP
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autoactivation in vitro, the polyamine-driven stimulation of the FSAP activity was only
minimal [9]. It shows that inducers of FSAP autoactivation and enhancers of FSAP activity
can be divergent.

The mentioned enhancers of FSAP activity are presented in Table 5.

Table 5. Two-chain factor VII activating protease (tcFSAP) activity enhancers for which data are
contradictory.

Name Studies In Vitro Describing the
Influence Contradictory Data

RNA [73] RNA increased inhibitor-driven reduction of tcFSAP
activity [39].

DNA Weak effect [73]. DNA did not alter FSAP activity effectively [73].

Polyamines Minimal effect [9]. nd 1

Heparin [3,18,25,28,42,46,48,52,73–75]

Heparin did not alter significantly FSAP activity
[9,28,72,75] or FSAP activity was reduced in heparin

presence [54].
Heparin increased inhibitor-driven reduction of

tcFSAP activity [11,46,48,52].

Low molecular weight
heparin (LMWH) [48]

LMWH did not alter significantly FSAP activity [28].
LMWH increased inhibitor-driven reduction of

tcFSAP activity [48].
1 nd = Not determined.

2.2.2. Inhibitors of tcFSAP and Its Activity

By 1999, it was already clear that human plasma had some inhibitory capability
towards FSAP activity, as indicated after incubation of different plasma dilutions with
isolated tcFSAP [2]. In the experiment evaluating variety of serpins, AP and C1-inh
were distinguished as the inhibitors of tcFSAP activity [2]. As mentioned previously,
FSAP complexes with AP and C1-inh are used as markers of tcFSAP level generated
by autoactivation, but the purpose of this complexing is to limit the activity of tcFSAP.
Therefore, tcFSAP-inhibitor binding is connected with the reduced tcFSAP activity. Hunfeld
et al. showed that AP was a more effective inhibitor of FSAP activity than C1-inh in the
purified system [2]. However, shortly after that, Choi-Miura et al. isolated and determined
C1-inh as the major, natural inhibitor of tcFSAP in plasma [6].

tcFSAP forms in vitro complexes with AP [10,39,43,50,59,61–63,67–71] and C1-inh [6,
39,43,67,70], which is in line with AP- [2,11,39,46,67] and C1-inh-driven [2,39,46,67,70]
reduction of FSAP activity in vitro. It was shown that the complex formation of tcFSAP
with AP [10,43,50,59,61–63,69] or C1-inh [43] can be induced via the incubation in vitro of
the animal or human plasma [10,43,50,59,61,69,70], serum [62,63], or whole blood [50] with
a propagator of FSAP activation, such as apoptotic cells [43,61,62], histones [10,59,63,69,
70], PEI [50], or chromatin [59]. In healthy humans’ plasma treated with apoptotic cells,
the median of complexes’ levels was 0.5 AU/mL (0.5 AU/mL ± 0.03 for FSAP-AP, and
0.5 AU/mL ± 0.04 for FSAP-C1-inh) [43]. De Jeong et al. reported a mean of 0.03 AU/mL
for FSAP-AP complexes in healthy controls [61].

The inactive, circulating form in the normal blood is scFSAP [9–11,17–19,21,23,25,38–
45], which, in contrast to tcFSAP, is unlikely to bind with protease inhibitors [6,10,39,43,
50,59,61–63,67–71]. Therefore, one can expect none or trace amounts of tcFSAP-serpin
complexes in the plasma under normal conditions. In line with this assumption, in the
healthy human plasma untreated with any FSAP autoactivation enhancer, Stephan et al.
did not detect FSAP-AP and FSAP-C1-inh complexes [43]. Thus, if endogenous scFSAP in
plasma did not proceed into tcFSAP, no serpin binding is observed.

The intravenous application of human tcFSAP to mice led to the formation of com-
plexes between human tcFSAP and plasma inhibitors in vivo [17]. Moreover, histone-
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injected mice had increased formation of tcFSAP-AP complexes in their plasma samples
in relation to unstimulated mice, whereas the complexing of FSAP with C1-inh seemed
insignificant [10]. The accumulation of FSAP-AP complexes in plasma was also detected
in the course of the in vivo murine model of LPS-induced sepsis [10]. Interestingly, it
seems that there are negligible levels of FSAP-C1-inh complexes in mice after histone
injection [10]. Both C1-inh and AP are abundant plasma proteins; however, for an un-
known reason, FSAP was predominantly bound in vivo by AP under these experimental
conditions [10]. Yamamichi et al. suspected some histone-dependent-favoring mechanism
of FSAP neutralization by AP [10].

There are several data concerning the complex formation in vivo between tcFSAP and
serpin inhibitors in various disorders among humans. If compared with healthy controls,
increased complexes of FSAP-AP were detected in the plasma of melioidosis patients [61],
polytrauma patients immediately after injury [59], post-surgery patients, and patients with
severe sepsis and septic shock [43]. Similarly, FSAP-AP complexes were found in the sera
of subjects with meningococcal sepsis [63] and SLE [62], while significantly higher levels of
FSAP-C1-inh complexes were seen in the plasma of patients after surgery, subjects with
severe sepsis and septic shock, and meningococcal sepsis patients [43]. Apparently, C1-inh
and AP are not universal inhibitors of FSAP in all types of biological material [39]. In BAL
fluid of ARDS patients, FSAP was not co-immunoprecipitated with C1-inh and AP [39].
Wygrecka et al. considered that such complexes possibly do not occur in BAL or could
not be detected due to the methodological procedure [39]. Perhaps, it would be useful to
measure tcFSAP-inhibitor complexes in the blood of ARDS patients.

According to animal and human studies, tcFSAP can form in vivo complexes both
with AP and C1-inh during certain diseases and pathological conditions. However, the
exact mechanisms are unknown. It remains obscure whether the absence of FSAP-C1-inh
complexes after histone injection in mice is due to the histone-dependent favoring of AP as
an FSAP inhibitor or a mouse-specific observation. The possibility of different pathways
leading to scFSAP activation and subsequent inhibitory responses to tcFSAP should be
elucidated in the future.

tcFSAP inhibition seems to be related to hemostasis and more specifically to the
inhibition of fibrinolysis. Next to AP and C1-inh, PAI-1 is another serpin that formed a 1:1
stoichiometric complex with tcFSAP, inhibiting its activity in the purified system [39,48,52]
and in cell culture [39]. The pilot data reported by Muhl et al. mentioned that FSAP-PAI-1
complex could bind to low-density lipoprotein receptor-related protein (LRP) and become
internalized by cells [72]; however, any further detailed report is not available to the best of
our knowledge. For reference, Römisch et al. demonstrated that PAI-2 and PAI-3 did not
inhibit isolated tcFSAP [46].

Surprisingly, the inhibition of tcFSAP by PAI-1 was much more marked, if RNA, and
to a lesser extent, vitronectin, or DNA were added to the measured system [39]. It is
intriguing because, as mentioned before, RNA was the propagator of scFSAP autoacti-
vation [9,10,26,51] and tcFSAP activities [73] according to some studies. The stimulatory
effect on FSAP inhibition could probably be attributed to the RNA- and vitronectin-driven
protection of PAI-1 from degradation [39].

In the in vivo model of histone-injected mice, Yamamichi et al. detected an insignificant
level of FSAP-PAI-1 complexes, which could be explained by the relatively low levels of
PAI-1 in plasma [10]. Notwithstanding, among the healthy human population, PAI-1
antigen positively correlated with FSAP antigen levels (r = 0.16, p < 0.001) and FSAP
activity (r = 0.11, p = 0.006) in plasma [57], but the significance of this phenomenon is
unknown. In septic patients, PAI-1 and C3a, as the predictive parameters for sepsis
outcome and inflammatory markers, correlated with FSAP-inhibitor complexes (r > 0.33,
p < 0.05), showing these complexes to increase with the stage of inflammation [43]. In
healthy subjects, FSAP barely occurs in their BAL fluids [21,39], but the complex of PAI-1
and FSAP was precipitated from the BAL fluids of the patients with ARDS [39]. Thus,
the formation of FSAP-PAI-1 complexes in vitro was confirmed in the in vivo study. As
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RNA promoted tcFSAP inhibition by PAI-1 in vitro and BAL of ARDS patients contained a
significant increase in RNA levels in relation to healthy subjects, the authors discussed the
possible relationship between RNA, tcFSAP, PAI-1, and ARDS in vivo [39]. The disruption
of cells in ARDS may release nucleic acids; then, RNA may stabilize and prolong the
inhibitory activity of PAI-1 as well as promote FSAP-PAI-1 binding [39]. The clinical
implications of this FSAP inhibition by PAI-1 remain not fully understood; however, PAI-1
may regulate FSAP functions related to hemostasis and cell biology [39].

The inhibition of FSAP has been demonstrated by another serine protease inhibitor
present in the endothelium, i.e., protease nexin-1 (PN-1) [72]. Similar to other described
serpins in this paper, PN-1 bound to isolated tcFSAP [72] and prohibited in vitro some
enzymatic FSAP activities [72,73]. Muhl et al. provided data showing that the inhibition of
FSAP by PN-1 might involve cell scavenger receptors such as LRP [72]. The FSAP-PN-1
complex, but not FSAP alone, is specifically and strongly bound to LRP [72]. Subsequently,
the complex was internalized by mouse embryo fibroblasts (MEFs) and mouse VSMC
in vitro via this scavenger receptor and directed to lysosomes [72]. This intracellular
regulation of FSAP may be a mechanism of clinical relevance that would explain high, local
levels of FSAP inside the cells under pathological conditions.

As mentioned in the previous subsection, heparin, and LMWH do not seem to be
universal propagators of FSAP activity—especially if a polyanion and FSAP exhibit an
opposite influence on a substrate. A study by Roedel et al. reported reduced FSAP activity
in the presence of heparin [54]. While purified FSAP promoted the bone morphogenetic
protein-2 (BMP-2) function in vitro, heparin alone decreased the functionality of BMP-2 [54].
In this experiment, heparin did not enhance FSAP activity towards BMP-2, as the final
result of the FSAP-heparin co-incubation was the diminution of BMP-2 function [54]. This
observation might not imply a direct inhibition of tcFSAP by heparin; however, if heparin
regulates the functionality both of FSAP and the FSAP’s substrate, such as BMP-2, the
heparin-driven promotion of tcFSAP activity may not be seen.

Furthermore, heparin promotes the interaction between tcFSAP and its inhibitors. The
inhibition of FSAP activity by AP [11] and antithrombin (AT) [11,48] was increased by
heparin. This is not a general relationship because heparin did not alter the inhibition of
FSAP activity by PN-1 [72]. AT represents an interesting phenomenon, as this inhibitor
alone does not form a complex with tcFSAP [39], nor does it affect scFSAP autoactiva-
tion [11] or tcFSAP activity [2,39,46,48]. However, under the presence of a heparin-like
negative charge density [48], AT is potent to inhibit tcFSAP in vitro [11,46,48]. Intriguingly,
the preincubation of AT with LMWH led to the opposite effect, i.e., the increased in vitro
activity of tcFSAP [48]. It shows a certain selectivity of the specific polyanions towards the
inhibitors of tcFSAP [48].

Some studies have associated heparin and LMWH with another FSAP inhibitor, PAI-
1 [48,52]. Although no such effect was reported by Wygrecka et al. [39], Muhl et al. showed
that UH [48,52] and LMWH [48] increased PAI-1-driven inhibition of tcFSAP activity
in vitro. This heparin-stimulated inhibitory action of PAI-1 is dependent on the EGF-3
domain of FSAP [52], but the exact implication of this observation remains unknown. The
EGF-3 domain is important for the interaction with anionic molecules like heparin and is
essential for FSAP autoactivation; thus, there is a possibility that EGF-3 directly participated
in the heparin-boosted inhibition of FSAP by PAI-1.

The general reasons for the dualistic influence of heparin on FSAP activity are puzzling.
It was concluded that polyanions promote the inhibition of FSAP activity because they
change the conformation of the serpins and support their binding with FSAP [48]. Therefore,
polyanions can enhance the autoactivation and activity of isolated FSAP, but they can also
facilitate the interaction of tcFSAP with its inhibitors.

Tissue factor pathway inhibitor (TFPI) is a Kunitz-type inhibitor, impeding blood
coagulation via the inactivation of activated factor VII (FVIIa) and X (FXa) [41,60,67].
Although TFPI was initially not shown to alter the activity of purified FSAP [46], that
possibility was further re-examined [67]. Surprisingly, TFPI inhibited the activity of purified
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FSAP in vitro 300 times more efficiently than AP and C1-inh [67]. In the environment of
apoptotic cells, TFPI reduces the nucleosome release activity of both purified and plasma
FSAP with equal efficiency [67]. As the more effective inhibitor than AP and C1-inh, TFPI
restrained the formation of complexes between tcFSAP and C1-inh or AP [67]. The causation
of the difference in efficiency between TFPI, C1-inh, and AP was not proven, but distinct
mechanisms of action between serpins and Kunitz-type inhibitors can be suspected [67].
Notably, Stephan et al. highlighted the usage of supraphysiological levels of plasma TFPI
throughout their study [67], which might influence the results. Notwithstanding, such high
TFPI levels occur in vivo locally on the cellular surfaces [67], suggesting a possibility of the
local interaction between FSAP and TFPI.

TFPI consists of 3 Kunitz-type domains [41,60,67]. Stephan et al. showed that the
C-terminal region of TFPI, known as heparin or cell surface binding site, was the key for
direct binding to FSAP [67]. That binding probably enabled further FSAP inhibition by
TFPI [67]. TFPI domains were key to FSAP inhibition. The most important was Kunitz-type
domain 2 (K2) followed by the C-terminal region and to a lesser extent, Kunitz-type domain
3 (K3) [67]. The significance of Kunitz-type domain 1 (K1) was described as partial or none
depending on the measurement method [67].

Kanse et al. showed that TFPI is a substrate that is cleaved and inactivated by
FSAP [41]. Taking this report into account [41], the mechanism of TFPI-driven inhibi-
tion of FSAP could have been in fact the FSAP-mediated proteolysis of TFPI. The potential
cleavage of TFPI by FSAP could have interrupted the reaction between FSAP and its target
substrate [67]. In such cases, the measured decrease of FSAP activity could have been the
result of the competitive mechanism between two FSAP substrates, namely TFPI and the
target substrate of the assay. However, Stephan et al. excluded the possibility that TFPI
could have been proteolyzed by FSAP [67]. The authors revealed that when FSAP was
co-incubated with TFPI, FSAP activity did not increase over time, suggesting a constant
presence of TFPI [67]. Thus, Stephan et al. concluded that TFPI was an inhibitor of FSAP in
their experiment [67].

Described inhibitors of tcFSAP and tcFSAP activity are listed in Table 6.

Table 6. Inhibitors of two-chain factor VII activating protease (tcFSAP) and its activity.

Name Studies In Vitro Describing the Influence

α-2-antiplasmin (AP) [2,10] 1, [11,39], [43] 1, [46,50], [59] 1, [61–63] 1,
[67–71]

Plasminogen activator inhibitor-1 (PAI-1) [39] 1, [48,52,72]
Protease nexin-1 (PN-1) [72,73]

Antithrombin (AT) + heparin [11,46,48]
1 The relationship was described in vitro and in vivo.

Table 7 includes tcFSAP inhibitors for which the data are contradictory.

Table 7. Inhibitors of two-chain factor VII activating protease (tcFSAP) and its activity for which data
are contradictory.

Name Studies In Vitro Describing the
Influence Contradictory Data

Heparin [11,46,48,52]

Heparin promoted [3,18,25,28,42,46,48,52,73–75] or
did not alter FSAP activity [9,28,72,75].

Heparin did not promote PAI-1-driven inhibition of
FSAP [39].

Low molecular weight heparin
(LMWH) [48] LMWH did not alter significantly [28] or increased

tcFSAP activity [48].
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Table 7. Cont.

Name Studies In Vitro Describing the
Influence Contradictory Data

C1-esterase inhibitor (C1-inh) [2,6,39,43] 1, [46,67,70]
Murine plasma levels of tcFSAP-C1-inh complexes

were insignificant after histone injection [10].

Tissue factor pathway inhibitor
(TFPI) [67] TFPI failed to inhibit tcFSAP activity [46].

1 The relationship was described in vitro and in vivo.

As shown in this section, scFSAP is the predominant form in plasma under normal
conditions. scFSAP progresses into the active form called tcFSAP during intermolecular
autoactivation. The scaffold mechanism and autoactivation complex are two theoretical
models that describe the suspected mechanism of FSAP autoactivation. The measurement
of tcFSAP generation, i.e., autoactivation is analyzed in many studies. tcFSAP as the active
enzyme performs various activities that are measured during activity assays. Both scFSAP
autoactivation and tcFSAP activity are controlled by many enhancers and inhibitors, but
the majority of them were reported in in vitro studies. Moreover, for some enhancers and
inhibitors, experimental data are conflicting. Thus, the significant implications of these
experiments in in vivo settings are still unknown.

3. Conclusions

The review of the literature clearly demonstrates that FSAP is a protein with unique
properties, whose role in hemostasis has yet to be determined. Part I of our manuscript
describes the structure, activation, and activity of FSAP. The second part focuses on the
importance of FSAP for coagulation and fibrinolysis. Part III is devoted to FSAP-driven
modulation of the inflammatory state, as well as the relationship between the presence
of FSAP polymorphisms and the role of this protein in the physiopathology of human
diseases, with a particular emphasis on cardiovascular events.
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manuscript. E.Ż., S.L., A.M.A. and A.K.-K. critically revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Choi-Miura, N.H.; Tobe, T.; Sumiya, J.; Nakano, Y.; Sano, Y.; Mazda, T.; Tomita, M. Purification and characterization of a novel

hyaluronan-binding protein (PHBP) from human plasma: It has three EGF, a kringle and a serine protease domain, similar to
hepatocyte growth factor activator. J. Biochem. 1996, 119, 1157–1165. [CrossRef]

2. Hunfeld, A.; Etscheid, M.; König, H.; Seitz, R.; Dodt, J. Detection of a novel plasma serine protease during purification of vitamin
K-dependent coagulation factors. FEBS Lett. 1999, 456, 290–294. [CrossRef] [PubMed]

3. Römisch, J.; Feussner, A.; Vermöhlen, S.; Stöhr, H.A. A protease isolated from human plasma activating factor VII independent of
tissue factor. Blood Coagul. Fibrinolysis 1999, 10, 471–479. [CrossRef] [PubMed]

4. Sumiya, J.; Asakawa, S.; Tobe, T.; Hashimoto, K.; Saguchi, K.; Choi-Miura, N.H.; Shimizu, Y.; Minoshima, S.; Shimizu, N.; Tomita,
M. Isolation and characterization of the plasma hyaluronan-binding protein (PHBP) gene (HABP2). J. Biochem. 1997, 122, 983–990.
[CrossRef]

5. Choi-Miura, N.H.; Yoda, M.; Saito, K.; Takahashi, K.; Tomita, M. Identification of the substrates for plasma hyaluronan binding
protein. Biol. Pharm. Bull 2001, 24, 140–143. [CrossRef]

http://doi.org/10.1093/oxfordjournals.jbchem.a021362
http://doi.org/10.1016/S0014-5793(99)00959-X
http://www.ncbi.nlm.nih.gov/pubmed/10456326
http://doi.org/10.1097/00001721-199912000-00004
http://www.ncbi.nlm.nih.gov/pubmed/10636458
http://doi.org/10.1093/oxfordjournals.jbchem.a021861
http://doi.org/10.1248/bpb.24.140


Int. J. Mol. Sci. 2023, 24, 5473 21 of 23

6. Choi-Miura, N.H.; Saito, K.; Takahashi, K.; Yoda, M.; Tomita, M. Regulation mechanism of the serine protease activity of plasma
hyaluronan binding protein. Biol. Pharm. Bull 2001, 24, 221–225. [CrossRef]

7. Choi-Miura, N.H.; Otsuyama, K.; Sano, Y.; Saito, K.; Takahashi, K.; Tomita, M. Hepatic injury-specific conversion of mouse plasma
hyaluronan binding protein to the active hetero-dimer form. Biol. Pharm. Bull 2001, 24, 892–896. [CrossRef]

8. Jeon, J.W.; Song, H.S.; Moon, E.J.; Park, S.Y.; Son, M.J.; Jung, S.Y.; Kim, J.T.; Nam, D.H.; Choi-Miura, N.H.; Kim, K.W.; et al.
Anti-angiogenic action of plasma hyaluronan binding protein in human umbilical vein endothelial cells. Int. J. Oncol. 2006, 29,
209–215. [CrossRef]

9. Yamamichi, S.; Nishitani, M.; Nishimura, N.; Matsushita, Y.; Hasumi, K. Polyamine-promoted autoactivation of plasma
hyaluronan-binding protein. J. Thromb. Haemost. 2010, 8, 559–566. [CrossRef]

10. Yamamichi, S.; Fujiwara, Y.; Kikuchi, T.; Nishitani, M.; Matsushita, Y.; Hasumi, K. Extracellular histone induces plasma
hyaluronan-binding protein (factor VII activating protease) activation in vivo. Biochem. Biophys. Res. Commun. 2011, 409, 483–488.
[CrossRef]

11. Etscheid, M.; Hunfeld, A.; König, H.; Seitz, R.; Dodt, J. Activation of proPHBSP, the zymogen of a plasma hyaluronan binding
serine protease, by an intermolecular autocatalytic mechanism. Biol. Chem. 2000, 381, 1223–1231. [CrossRef]

12. Mambetsariev, N.; Mirzapoiazova, T.; Mambetsariev, B.; Sammani, S.; Lennon, F.E.; Garcia, J.G.; Singleton, P.A. Hyaluronic Acid
binding protein 2 is a novel regulator of vascular integrity. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 483–490. [CrossRef] [PubMed]

13. Mirzapoiazova, T.; Mambetsariev, N.; Lennon, F.E.; Mambetsariev, B.; Berlind, J.E.; Salgia, R.; Singleton, P.A. HABP2 is a Novel
Regulator of Hyaluronan-Mediated Human Lung Cancer Progression. Front. Oncol. 2015, 5, 164. [CrossRef] [PubMed]

14. Stavenuiter, F.; Ebberink, E.H.T.M.; Mertens, K.; Meijer, A.B. Role of glycine 221 in catalytic activity of hyaluronan-binding protein
2. J. Biol. Chem. 2017, 292, 6381–6388. [CrossRef] [PubMed]

15. Stein, P.M.; Stass, S.A.; Kagan, J. The human urokinase-plasminogen activator gene (PLAU) is located on chromosome 10q24
centromeric to the HOX11 gene. Genomics 1993, 16, 301–302. [CrossRef]

16. Leiting, S.; Seidl, S.; Martinez-Palacian, A.; Muhl, L.; Kanse, S.M. Transforming Growth Factor-β (TGF-β) Inhibits the Expression
of Factor VII-activating Protease (FSAP) in Hepatocytes. J. Biol. Chem. 2016, 291, 21020–21028. [CrossRef]

17. Sedding, D.; Daniel, J.M.; Muhl, L.; Hersemeyer, K.; Brunsch, H.; Kemkes-Matthes, B.; Braun-Dullaeus, R.C.; Tillmanns, H.;
Weimer, T.; Preissner, K.T.; et al. The G534E polymorphism of the gene encoding the factor VII-activating protease is associated
with cardiovascular risk due to increased neointima formation. J. Exp. Med. 2006, 203, 2801–2807. [CrossRef]

18. Roderfeld, M.; Weiskirchen, R.; Atanasova, S.; Gressner, A.M.; Preissner, K.T.; Roeb, E.; Kanse, S.M. Altered factor VII activating
protease expression in murine hepatic fibrosis and its influence on hepatic stellate cells. Liver Int. 2009, 29, 686–691. [CrossRef]

19. Parahuleva, M.S.; Kanse, S.M.; Parviz, B.; Barth, A.; Tillmanns, H.; Bohle, R.M.; Sedding, D.G.; Hölschermann, H. Factor Seven
Activating Protease (FSAP) expression in human monocytes and accumulation in unstable coronary atherosclerotic plaques.
Atherosclerosis 2008, 196, 164–171. [CrossRef]

20. Joshi, A.U.; Orset, C.; Engelhardt, B.; Baumgart-Vogt, E.; Gerriets, T.; Vivien, D.; Kanse, S.M. Deficiency of Factor VII activating
protease alters the outcome of ischemic stroke in mice. Eur. J. Neurosci. 2015, 41, 965–975. [CrossRef]

21. Wygrecka, M.; Markart, P.; Fink, L.; Guenther, A.; Preissner, K.T. Raised protein levels and altered cellular expression of factor VII
activating protease (FSAP) in the lungs of patients with acute respiratory distress syndrome (ARDS). Thorax 2007, 62, 880–888.
[CrossRef] [PubMed]

22. Knoblauch, B.; Kellert, J.; Battmann, A.; Preissner, K.; Roemisch, J. A histological study of FVII-activating protease (FSAP) in
human tissue. Ann. Haematol. 2002, 81, A42.

23. Römisch, J. Factor VII activating protease (FSAP): A novel protease in hemostasis. Biol. Chem. 2002, 383, 1119–1124. [CrossRef]
24. Parahuleva, M.S.; Ball, N.; Parviz, B.; Zandt, D.; Abdallah, Y.; Tillmanns, H.; Hoelschermann, H.; Kanse, S.M. Factor seven

activating protease (FSAP) expression in human placenta and its role in trophoblast migration. Eur. J. Obstet. Gynecol. Reprod. Biol.
2013, 167, 34–40. [CrossRef] [PubMed]

25. Mu, E.; Liu, X.; Chen, S.; Zhi, L.; Li, X.; Xu, X.; Ma, X. Changes in factor VII-activating protease in a bleomycin-induced lung
injury rat model and its influence on human pulmonary fibroblasts in vitro. Int. J. Mol. Med. 2010, 26, 549–555. [CrossRef]

26. Nakazawa, F.; Kannemeier, C.; Shibamiya, A.; Song, Y.; Tzima, E.; Schubert, U.; Koyama, T.; Niepmann, M.; Trusheim, H.;
Engelmann, B.; et al. Extracellular RNA is a natural cofactor for the (auto-)activation of Factor VII-activating protease (FSAP).
Biochem. J 2005, 385, 831–838. [CrossRef]

27. Daniel, J.M.; Reichel, C.A.; Schmidt-Woell, T.; Dutzmann, J.; Zuchtriegel, G.; Krombach, F.; Herold, J.; Bauersachs, J.; Sedding,
D.G.; Kanse, S.M. Factor VII-activating protease deficiency promotes neointima formation by enhancing leukocyte accumulation.
J. Thromb. Haemost. 2016, 14, 2058–2067. [CrossRef]

28. Kannemeier, C.; Al-Fakhri, N.; Preissner, K.T.; Kanse, S.M. Factor VII-activating protease (FSAP) inhibits growth factor-mediated
cell proliferation and migration of vascular smooth muscle cells. FASEB J. 2004, 18, 728–730. [CrossRef]

29. Parahuleva, M.S.; Worsch, M.; Euler, G.; Choukeir, M.; Mardini, A.; Parviz, B.; Kanse, S.M.; Portig, I.; Khayrutdinov, E.; Schieffer,
B.; et al. Factor VII Activating Protease Expression in Human Platelets and Accumulation in Symptomatic Carotid Plaque. J. Am.
Heart Assoc. 2020, 9, e016445. [CrossRef]

30. Parahuleva, M.S.; Langanke, E.; Hölschermann, H.; Parviz, B.; Abdallah, Y.; Stracke, S.; Tillmanns, H.; Kanse, S.M. Nicotine
modulation of factor VII activating protease (FSAP) expression in human monocytes. J. Atheroscler. Thromb. 2012, 19, 962–969.
[CrossRef]

http://doi.org/10.1248/bpb.24.221
http://doi.org/10.1248/bpb.24.892
http://doi.org/10.3892/ijo.29.1.209
http://doi.org/10.1111/j.1538-7836.2009.03641.x
http://doi.org/10.1016/j.bbrc.2011.05.030
http://doi.org/10.1515/BC.2000.150
http://doi.org/10.1161/ATVBAHA.109.200451
http://www.ncbi.nlm.nih.gov/pubmed/20042707
http://doi.org/10.3389/fonc.2015.00164
http://www.ncbi.nlm.nih.gov/pubmed/26258071
http://doi.org/10.1074/jbc.M116.757849
http://www.ncbi.nlm.nih.gov/pubmed/28246168
http://doi.org/10.1006/geno.1993.1186
http://doi.org/10.1074/jbc.M116.744631
http://doi.org/10.1084/jem.20052546
http://doi.org/10.1111/j.1478-3231.2008.01897.x
http://doi.org/10.1016/j.atherosclerosis.2007.03.042
http://doi.org/10.1111/ejn.12830
http://doi.org/10.1136/thx.2006.069658
http://www.ncbi.nlm.nih.gov/pubmed/17483138
http://doi.org/10.1515/BC.2002.121
http://doi.org/10.1016/j.ejogrb.2012.10.035
http://www.ncbi.nlm.nih.gov/pubmed/23218959
http://doi.org/10.3892/ijmm_00000498
http://doi.org/10.1042/BJ20041021
http://doi.org/10.1111/jth.13417
http://doi.org/10.1096/fj.03-0898fje
http://doi.org/10.1161/JAHA.120.016445
http://doi.org/10.5551/jat.9589


Int. J. Mol. Sci. 2023, 24, 5473 22 of 23

31. Parahuleva, M.S.; Hölschermann, H.; Erdogan, A.; Langanke, E.; Prickartz, I.; Parviz, B.; Weiskirchen, R.; Tillmanns, H.; Kanse,
S.M. Factor seven ativating potease (FSAP) levels during normal pregnancy and in women using oral contraceptives. Thromb.
Res. 2010, 126, e36–e40. [CrossRef] [PubMed]

32. Parahuleva, M.S.; Hölschermann, H.; Zandt, D.; Pons-Kühnemann, J.; Parviz, B.; Weiskirchen, R.; Staubitz, A.; Tillmanns, H.;
Erdogan, A.; Kanse, S.M. Circulating factor VII activating protease (FSAP) is associated with clinical outcome in acute coronary
syndrome. Circ. J. 2012, 76, 2653–2661. [CrossRef]

33. Römisch, J.; Feussner, A.; Stöhr, H.A. Quantitation of the factor VII- and single-chain plasminogen activator-activating protease in
plasmas of healthy subjects. Blood Coagul. Fibrinolysis 2001, 12, 375–383. [CrossRef] [PubMed]

34. Ramanathan, R.; Gram, J.B.; Sand, N.P.R.; Nørgaard, B.L.; Diederichsen, A.C.P.; Vitzthum, F.; Schwarz, H.; Sidelmann, J.J. Factor
VII-activating protease: Sex-related association with coronary artery calcification. Blood Coagul. Fibrinolysis 2017, 28, 558–563.
[CrossRef]

35. Tian, D.S.; Qin, C.; Zhou, L.Q.; Yang, S.; Chen, M.; Xiao, J.; Shang, K.; Bosco, D.B.; Wu, L.J.; Wang, W. FSAP aggravated endothelial
dysfunction and neurological deficits in acute ischemic stroke due to large vessel occlusion. Signal Transduct. Target Ther. 2022,
7, 6. [CrossRef]

36. Olsson, M.; Stanne, T.M.; Pedersen, A.; Lorentzen, E.; Kara, E.; Martinez-Palacian, A.; Rønnow Sand, N.P.; Jacobsen, A.F.; Sandset,
P.M.; Sidelmann, J.J.; et al. Genome-wide analysis of genetic determinants of circulating factor VII-activating protease (FSAP)
activity. J. Thromb. Haemost 2018, 16, 2024–2034. [CrossRef]

37. Sidelmann, J.J.; Skouby, S.O.; Kluft, C.; Winkler, U.; Vitzthum, F.; Schwarz, H.; Gram, J.; Jespersen, J. Plasma factor VII-activating
protease is increased by oral contraceptives and induces factor VII activation in-vivo. Thromb. Res. 2011, 128, e67–e72. [CrossRef]

38. Kannemeier, C.; Feussner, A.; Stöhr, H.A.; Weisse, J.; Preissner, K.T.; Römisch, J. Factor VII and single-chain plasminogen
activator-activating protease: Activation and autoactivation of the proenzyme. Eur. J. Biochem. 2001, 268, 3789–3796. [CrossRef]
[PubMed]

39. Wygrecka, M.; Morty, R.E.; Markart, P.; Kanse, S.M.; Andreasen, P.A.; Wind, T.; Guenther, A.; Preissner, K.T. Plasminogen activator
inhibitor-1 is an inhibitor of factor VII-activating protease in patients with acute respiratory distress syndrome. J. Biol. Chem. 2007,
282, 21671–21682. [CrossRef] [PubMed]

40. Zeerleder, S.; Zwart, B.; te Velthuis, H.; Stephan, F.; Manoe, R.; Rensink, I.; Aarden, L.A. Nucleosome-releasing factor: A new role
for factor VII-activating protease (FSAP). FASEB J. 2008, 22, 4077–4084. [CrossRef]

41. Kanse, S.M.; Declerck, P.J.; Ruf, W.; Broze, G.; Etscheid, M. Factor VII-activating protease promotes the proteolysis and inhibition
of tissue factor pathway inhibitor. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 427–433. [CrossRef]

42. Stavenuiter, F.; Dienava-Verdoold, I.; Boon-Spijker, M.G.; Brinkman, H.J.; Meijer, A.B.; Mertens, K. Factor seven activating protease
(FSAP): Does it activate factor VII. J. Thromb. Haemost. 2012, 10, 859–866. [CrossRef] [PubMed]

43. Stephan, F.; Hazelzet, J.A.; Bulder, I.; Boermeester, M.A.; van Till, J.O.; van der Poll, T.; Wuillemin, W.A.; Aarden, L.A.; Zeerleder, S.
Activation of factor VII-activating protease in human inflammation: A sensor for cell death. Crit. Care 2011, 15, R110. [CrossRef]
[PubMed]

44. Sidelmann, J.J.; Vitzthum, F.; Funding, E.; Münster, A.M.; Gram, J.; Jespersen, J. Factor VII-activating protease in patients with
acute deep venous thrombosis. Thromb. Res. 2008, 122, 848–853. [CrossRef] [PubMed]

45. Etscheid, M.; Subramaniam, S.; Lochnit, G.; Zabczyk, M.; Undas, A.; Lang, I.M.; Hanschmann, K.M.; Kanse, S.M. Altered structure
and function of fibrinogen after cleavage by Factor VII Activating Protease (FSAP). Biochim. Biophys. Acta Mol. Basis Dis. 2018,
1864, 3397–3406. [CrossRef]

46. Römisch, J.; Vermöhlen, S.; Feussner, A.; Stöhr, H. The FVII activating protease cleaves single-chain plasminogen activators.
Haemostasis 1999, 29, 292–299. [CrossRef]

47. Nielsen, N.V.; Roedel, E.; Manna, D.; Etscheid, M.; Morth, J.P.; Kanse, S.M. Characterization of the enzymatic activity of the serine
protease domain of Factor VII activating protease (FSAP). Sci. Rep. 2019, 9, 18990. [CrossRef]

48. Muhl, L.; Galuska, S.P.; Oörni, K.; Hernández-Ruiz, L.; Andrei-Selmer, L.C.; Geyer, R.; Preissner, K.T.; Ruiz, F.A.; Kovanen, P.T.;
Kanse, S.M. High negative charge-to-size ratio in polyphosphates and heparin regulates factor VII-activating protease. FEBS J.
2009, 276, 4828–4839. [CrossRef]

49. Kanse, S.M.; Parahuleva, M.; Muhl, L.; Kemkes-Matthes, B.; Sedding, D.; Preissner, K.T. Factor VII-activating protease (FSAP):
Vascular functions and role in atherosclerosis. Thromb. Haemost. 2008, 99, 286–289. [CrossRef]

50. Sperling, C.; Maitz, M.F.; Grasso, S.; Werner, C.; Kanse, S.M. A Positively Charged Surface Triggers Coagulation Activation
Through Factor VII Activating Protease (FSAP). ACS Appl. Mater. Interfaces 2017, 9, 40107–40116. [CrossRef]

51. Altincicek, B.; Shibamiya, A.; Trusheim, H.; Tzima, E.; Niepmann, M.; Linder, D.; Preissner, K.T.; Kanse, S.M. A positively charged
cluster in the epidermal growth factor-like domain of Factor VII-activating protease (FSAP) is essential for polyanion binding.
Biochem. J. 2006, 394, 687–692. [CrossRef]

52. Muhl, L.; Hersemeyer, K.; Preissner, K.T.; Weimer, T.; Kanse, S.M. Structure-function analysis of factor VII activating protease
(FSAP): Sequence determinants for heparin binding and cellular functions. FEBS Lett. 2009, 583, 1994–1998. [CrossRef]

53. Etscheid, M.; Muhl, L.; Pons, D.; Jukema, J.W.; König, H.; Kanse, S.M. The Marburg I polymorphism of factor VII activating
protease is associated with low proteolytic and low pro-coagulant activity. Thromb. Res. 2012, 130, 935–941. [CrossRef]

54. Roedel, E.K.; Schwarz, E.; Kanse, S.M. The factor VII-activating protease (FSAP) enhances the activity of bone morphogenetic
protein-2 (BMP-2). J. Biol. Chem. 2013, 288, 7193–7203. [CrossRef] [PubMed]

http://doi.org/10.1016/j.thromres.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20381831
http://doi.org/10.1253/circj.CJ-11-1502
http://doi.org/10.1097/00001721-200107000-00007
http://www.ncbi.nlm.nih.gov/pubmed/11505081
http://doi.org/10.1097/MBC.0000000000000640
http://doi.org/10.1038/s41392-021-00802-1
http://doi.org/10.1111/jth.14258
http://doi.org/10.1016/j.thromres.2011.06.013
http://doi.org/10.1046/j.1432-1327.2001.02285.x
http://www.ncbi.nlm.nih.gov/pubmed/11432747
http://doi.org/10.1074/jbc.M610748200
http://www.ncbi.nlm.nih.gov/pubmed/17540775
http://doi.org/10.1096/fj.08-110429
http://doi.org/10.1161/ATVBAHA.111.238394
http://doi.org/10.1111/j.1538-7836.2012.04619.x
http://www.ncbi.nlm.nih.gov/pubmed/22235940
http://doi.org/10.1186/cc10131
http://www.ncbi.nlm.nih.gov/pubmed/21466697
http://doi.org/10.1016/j.thromres.2008.02.002
http://www.ncbi.nlm.nih.gov/pubmed/18394684
http://doi.org/10.1016/j.bbadis.2018.07.030
http://doi.org/10.1159/000022515
http://doi.org/10.1038/s41598-019-55531-x
http://doi.org/10.1111/j.1742-4658.2009.07183.x
http://doi.org/10.1160/TH07-10-0640
http://doi.org/10.1021/acsami.7b14281
http://doi.org/10.1042/BJ20051563
http://doi.org/10.1016/j.febslet.2009.05.012
http://doi.org/10.1016/j.thromres.2012.07.023
http://doi.org/10.1074/jbc.M112.433029
http://www.ncbi.nlm.nih.gov/pubmed/23341458


Int. J. Mol. Sci. 2023, 24, 5473 23 of 23

55. Sidelmann, J.J.; Skouby, S.O.; Vitzthum, F.; Schwarz, H.; Jespersen, J. Hormone therapy affects plasma measures of factor
VII-activating protease in younger postmenopausal women. Climacteric 2010, 13, 340–346. [CrossRef]

56. Parahuleva, M.S.; Kanse, S.; Hölschermann, H.; Zheleva, K.; Zandt, D.; Worsch, M.; Parviz, B.; Güttler, N.; Tillmanns, H.; Böning,
A.; et al. Association of circulating factor seven activating protease (FSAP) and of oral Omega-3 fatty acids supplements with
clinical outcome in patients with atrial fibrillation: The OMEGA-AF study. J. Thromb. Thrombolysis 2014, 37, 317–325. [CrossRef]
[PubMed]

57. Hanson, E.; Kanse, S.M.; Joshi, A.; Jood, K.; Nilsson, S.; Blomstrand, C.; Jern, C. Plasma factor VII-activating protease antigen
levels and activity are increased in ischemic stroke. J. Thromb. Haemost. 2012, 10, 848–856. [CrossRef] [PubMed]

58. Artunc, F.; Bohnert, B.N.; Schneider, J.C.; Staudner, T.; Sure, F.; Ilyaskin, A.V.; Wörn, M.; Essigke, D.; Janessa, A.; Nielsen, N.V.;
et al. Proteolytic activation of the epithelial sodium channel (ENaC) by factor VII activating protease (FSAP) and its relevance for
sodium retention in nephrotic mice. Pflugers. Arch. 2022, 474, 217–229. [CrossRef] [PubMed]

59. Kanse, S.M.; Gallenmueller, A.; Zeerleder, S.; Stephan, F.; Rannou, O.; Denk, S.; Etscheid, M.; Lochnit, G.; Krueger, M.; Huber-Lang,
M. Factor VII-activating protease is activated in multiple trauma patients and generates anaphylatoxin C5a. J. Immunol. 2012, 188,
2858–2865. [CrossRef] [PubMed]

60. Subramaniam, S.; Thielmann, I.; Morowski, M.; Pragst, I.; Sandset, P.M.; Nieswandt, B.; Etscheid, M.; Kanse, S.M. Defective
thrombus formation in mice lacking endogenous factor VII activating protease (FSAP). Thromb. Haemost. 2015, 113, 870–880.
[CrossRef] [PubMed]

61. de Jong, H.K.; Koh, G.C.; Bulder, I.; Stephan, F.; Wiersinga, W.J.; Zeerleder, S.S. Diabetes-independent increase of factor VII-
activating protease activation in patients with Gram-negative sepsis (melioidosis). J. Thromb. Haemost. 2015, 13, 41–46. [CrossRef]

62. Marsman, G.; Stephan, F.; de Leeuw, K.; Bulder, I.; Ruinard, J.T.; de Jong, J.; Westra, J.; Bultink, I.E.; Voskuyl, A.E.; Aarden, L.A.;
et al. FSAP-mediated nucleosome release from late apoptotic cells is inhibited by autoantibodies present in SLE. Eur. J. Immunol.
2016, 46, 762–771. [CrossRef]

63. Marsman, G.; von Richthofen, H.; Bulder, I.; Lupu, F.; Hazelzet, J.; Luken, B.M.; Zeerleder, S. DNA and factor VII-activating
protease protect against the cytotoxicity of histones. Blood Adv. 2017, 1, 2491–2502. [CrossRef] [PubMed]

64. Wasmuth, H.E.; Tag, C.G.; Van de Leur, E.; Hellerbrand, C.; Mueller, T.; Berg, T.; Puhl, G.; Neuhaus, P.; Samuel, D.; Trautwein, C.;
et al. The Marburg I variant (G534E) of the factor VII-activating protease determines liver fibrosis in hepatitis C infection by
reduced proteolysis of platelet-derived growth factor BB. Hepatology 2009, 49, 775–780. [CrossRef]

65. Roemisch, J.; Feussner, A.; Nerlich, C.; Stoehr, H.A.; Weimer, T. The frequent Marburg I polymorphism impairs the pro-urokinase
activating potency of the factor VII activating protease (FSAP). Blood Coagul. Fibrinolysis 2002, 13, 433–441. [CrossRef]

66. Semeraro, F.; Ammollo, C.T.; Semeraro, N.; Colucci, M. Extracellular histones promote fibrinolysis by single-chain urokinase-type
plasminogen activator in a factor seven activating protease-dependent way. Thromb. Res. 2020, 196, 193–199. [CrossRef]

67. Stephan, F.; Dienava-Verdoold, I.; Bulder, I.; Wouters, D.; Mast, A.E.; Te Velthuis, H.; Aarden, L.A.; Zeerleder, S. Tissue factor
pathway inhibitor is an inhibitor of factor VII-activating protease. J. Thromb. Haemost. 2012, 10, 1165–1171. [CrossRef]

68. Stephan, F.; Marsman, G.; Bakker, L.M.; Bulder, I.; Stavenuiter, F.; Aarden, L.A.; Zeerleder, S. Cooperation of factor VII-activating
protease and serum DNase I in the release of nucleosomes from necrotic cells. Arthritis. Rheumatol. 2014, 66, 686–693. [CrossRef]

69. Bustamante, A.; Díaz-Fernández, B.; Giralt, D.; Boned, S.; Pagola, J.; Molina, C.A.; García-Berrocoso, T.; Kanse, S.M.; Montaner, J.
Factor seven activating protease (FSAP) predicts response to intravenous thrombolysis in acute ischemic stroke. Int. J. Stroke 2016,
11, 646–655. [CrossRef]

70. Gramstad, O.R.; Kandanur, S.P.S.; Etscheid, M.; Nielsen, E.W.; Kanse, S.M. Factor VII activating protease (FSAP) is not essential in
the pathophysiology of angioedema in patients with C1 inhibitor deficiency. Mol. Immunol. 2022, 142, 95–104. [CrossRef]

71. Grasso, S.; Neumann, A.; Lang, I.M.; Etscheid, M.; von Köckritz-Blickwede, M.; Kanse, S.M. Interaction of factor VII activating
protease (FSAP) with neutrophil extracellular traps (NETs). Thromb. Res. 2018, 161, 36–42. [CrossRef]

72. Muhl, L.; Nykjaer, A.; Wygrecka, M.; Monard, D.; Preissner, K.T.; Kanse, S.M. Inhibition of PDGF-BB by Factor VII-activating
protease (FSAP) is neutralized by protease nexin-1, and the FSAP-inhibitor complexes are internalized via LRP. Biochem. J. 2007,
404, 191–196. [CrossRef] [PubMed]

73. Shibamiya, A.; Muhl, L.; Tannert-Otto, S.; Preissner, K.T.; Kanse, S.M. Nucleic acids potentiate Factor VII-activating protease
(FSAP)-mediated cleavage of platelet-derived growth factor-BB and inhibition of vascular smooth muscle cell proliferation.
Biochem. J 2007, 404, 45–50. [CrossRef] [PubMed]

74. Uslu, Ö.; Herold, J.; Kanse, S.M. VEGF-A-Cleavage by FSAP and Inhibition of Neo-Vascularization. Cells 2019, 8, 1396. [CrossRef]
[PubMed]

75. Byskov, K.; Le Gall, S.M.; Thiede, B.; Camerer, E.; Kanse, S.M. Protease activated receptors (PAR)-1 and -2 mediate cellular effects
of factor VII activating protease (FSAP). FASEB J. 2020, 34, 1079–1090. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3109/13697131003597027
http://doi.org/10.1007/s11239-013-0921-0
http://www.ncbi.nlm.nih.gov/pubmed/23575879
http://doi.org/10.1111/j.1538-7836.2012.04692.x
http://www.ncbi.nlm.nih.gov/pubmed/22409238
http://doi.org/10.1007/s00424-021-02639-7
http://www.ncbi.nlm.nih.gov/pubmed/34870751
http://doi.org/10.4049/jimmunol.1103029
http://www.ncbi.nlm.nih.gov/pubmed/22308306
http://doi.org/10.1160/TH14-06-0519
http://www.ncbi.nlm.nih.gov/pubmed/25427855
http://doi.org/10.1111/jth.12776
http://doi.org/10.1002/eji.201546010
http://doi.org/10.1182/bloodadvances.2017010959
http://www.ncbi.nlm.nih.gov/pubmed/29296900
http://doi.org/10.1002/hep.22707
http://doi.org/10.1097/00001721-200207000-00008
http://doi.org/10.1016/j.thromres.2020.08.034
http://doi.org/10.1111/j.1538-7836.2012.04712.x
http://doi.org/10.1002/art.38265
http://doi.org/10.1177/1747493016641949
http://doi.org/10.1016/j.molimm.2021.11.019
http://doi.org/10.1016/j.thromres.2017.11.012
http://doi.org/10.1042/BJ20061630
http://www.ncbi.nlm.nih.gov/pubmed/17298300
http://doi.org/10.1042/BJ20070166
http://www.ncbi.nlm.nih.gov/pubmed/17300216
http://doi.org/10.3390/cells8111396
http://www.ncbi.nlm.nih.gov/pubmed/31698750
http://doi.org/10.1096/fj.201801986RR

	Prima Facie of Factor VII Activating Protease (FSAP) 
	Sites of FSAP Synthesis 
	FSAP Forms and Structure 
	FSAP Levels in Human Biological Samples 

	(Auto)activation and Activity Profile of FSAP 
	Enhancers and Inhibitors of FSAP Activation 
	Enhancers of scFSAP Activation 
	Inhibitors of scFSAP and Its Activation 

	Enhancers and Inhibitors of FSAP Activity 
	Enhancers of tcFSAP Activity 
	Inhibitors of tcFSAP and Its Activity 


	Conclusions 
	References

