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Abstract: Systemic sclerosis is a connective tissue disease of unknown origin that is characterized
by immune system abnormalities, vascular damage, and extensive fibrosis of the skin and visceral
organs. α2-antiplasmin is known to be the main plasmin inhibitor and has various functions such
as cell differentiation and cytokine production, as well as the regulation of the maintenance of the
immune system, endothelial homeostasis, and extracellular matrix metabolism. The expression of
α2-antiplasmin is elevated in dermal fibroblasts from systemic sclerosis patients, and the blockade of
α2-antiplasmin suppresses fibrosis progression and vascular dysfunction in systemic sclerosis model
mice. α2-antiplasmin may have promise as a potential therapeutic target for systemic sclerosis. This
review considers the role of α2-antiplasmin in the progression of systemic sclerosis.
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1. Introduction

Systemic sclerosis (SSc) is an autoimmune rheumatic disease of an unknown origin
characterized by immune abnormalities, vascular damage, and fibrosis of the skin and
visceral organs [1]. This process usually occurs over many months or years and can lead to
organ damage or death. The precise mechanism of SSc progression remains unclear, and
there are no therapies to halt the progression of the disease.

The fibrinolytic system dissolves fibrin and maintains vascular homeostasis. The
regulators of fibrinolysis contain plasminogen (Plg), a proenzyme which is converted into
plasmin by urokinase-type PA (uPA)/uPA receptor (uPAR) or tissue-type plasminogen
activator (tPA). The converted-plasmin digests fibrin clots, and fibrin degradation products
(FDP) of different molecular weights, including D-dimer, are released into the bloodstream.
In contrast, α2-antiplasmin (α2AP) functions as the main inhibitor of plasmin, forming
a stable complex plasmin-α2AP (PAP), and results in the inhibition of fibrinolysis [2]
(Figure 1). Plasminogen activator inhibitor-1 (PAI-1) binds tPA and uPA and inhibits the
generation of plasmin. It has been reported that an uPAR deficiency promotes endothelial
dysfunction and fibrosis progression [3,4], and a α2AP deficiency and PAI-1 neutralization
attenuate dermal inflammation and fibrosis progression in the bleomycin-induced SSc
model mice, and multiple studies suggest that the fibrinolytic factors are associated with
the pathology of SSc [5–7].

α2AP is a serine protease inhibitor (serpin) that rapidly inactivates plasmin on the
fibrin clots or in the circulation [2,8,9]. α2AP has various biological functions independent
of plasmin and is associated with thrombosis, angiogenesis, vascular remodeling, fibrosis,
brain functions, and bone homeostasis [10–17]. The expression of α2AP is elevated in SSc
dermal fibroblasts, and the blockade of α2AP suppresses the progression of pathology in
SSc dermal fibroblasts and SSc model mice [18,19]. This review describes the biological
functions of α2AP and summarizes the role of α2AP in the progression of SSc.
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Figure 1. Fibrinolytic system. The fibrinolytic system dissolves fibrin. Plg is converted into plasmin 
by tPA or uPA/uPAR. The converted-plasmin digests fibrin clots, and FDP (D-dimer) is released 
into the bloodstream. α2AP functions as the main inhibitor of plasmin and inhibits fibrinolysis. PAI-
1 binds and blocks tPA and uPA and inhibits the conversion of Plg to plasmin. 

α2AP is a serine protease inhibitor (serpin) that rapidly inactivates plasmin on the 
fibrin clots or in the circulation [2,8,9]. α2AP has various biological functions independent 
of plasmin and is associated with thrombosis, angiogenesis, vascular remodeling, fibrosis, 
brain functions, and bone homeostasis [10–17]. The expression of α2AP is elevated in SSc 
dermal fibroblasts, and the blockade of α2AP suppresses the progression of pathology in 
SSc dermal fibroblasts and SSc model mice [18,19]. This review describes the biological 
functions of α2AP and summarizes the role of α2AP in the progression of SSc. 

2. Systemic Sclerosis 
SSc is a connective tissue disease of unknown origin characterized by the fibrosis of 

skin and visceral organs and peripheral circulatory disturbance. The progression of SSc is 
associated with immune abnormalities (immune cell activation and auto-antibodies pro-
duction), vascular dysfunction (defective angiogenesis and vasculogenesis, vascular tone 
alteration, coagulation abnormalities, and endothelial to mesenchymal transition (En-
doMT)), and fibrosis (extracellular matrix (ECM) over-production and ECM degradation 
inhibition) [1]. These abnormalities occur in the various stages of the disease, and these 
features influence each other and lead to extensive fibrosis and involvement of multiple 
organs [20,21]. However, the progression of this disease is not completely understood, 
and there are no therapies to halt the progression of this disease. 

3. α2AP 
α2AP is a serpin with a molecular weight of 65–70 kd [2] and functions as the main 

inhibitor of plasmin, a principal component of the fibrinolytic system [2,8,9]. α2AP has 
been observed in a number of tissues, such as the liver and kidney [22]. Congenital defi-
ciency of α2AP is inherited in an autosomal recessive condition, and individuals with a 
homozygous α2AP deficiency exhibit severe bleeding symptoms, while heterozygous in-
dividuals have mild bleeding tendencies or may be asymptomatic [23,24]. It has been re-
ported that α2AP is associated with pulmonary embolism, ischemic stroke, thrombotic 
thrombocytopenic purpura (TTP), and arterial thrombosis, and the removal of venous 
thrombi, wound healing, and fibrosis in several animal studies [6,23,25]. The N-terminal 

Figure 1. Fibrinolytic system. The fibrinolytic system dissolves fibrin. Plg is converted into plasmin
by tPA or uPA/uPAR. The converted-plasmin digests fibrin clots, and FDP (D-dimer) is released into
the bloodstream. α2AP functions as the main inhibitor of plasmin and inhibits fibrinolysis. PAI-1
binds and blocks tPA and uPA and inhibits the conversion of Plg to plasmin.

2. Systemic Sclerosis

SSc is a connective tissue disease of unknown origin characterized by the fibrosis
of skin and visceral organs and peripheral circulatory disturbance. The progression of
SSc is associated with immune abnormalities (immune cell activation and auto-antibodies
production), vascular dysfunction (defective angiogenesis and vasculogenesis, vascular
tone alteration, coagulation abnormalities, and endothelial to mesenchymal transition
(EndoMT)), and fibrosis (extracellular matrix (ECM) over-production and ECM degradation
inhibition) [1]. These abnormalities occur in the various stages of the disease, and these
features influence each other and lead to extensive fibrosis and involvement of multiple
organs [20,21]. However, the progression of this disease is not completely understood, and
there are no therapies to halt the progression of this disease.

3. α2AP

α2AP is a serpin with a molecular weight of 65–70 kd [2] and functions as the main
inhibitor of plasmin, a principal component of the fibrinolytic system [2,8,9]. α2AP has been
observed in a number of tissues, such as the liver and kidney [22]. Congenital deficiency of
α2AP is inherited in an autosomal recessive condition, and individuals with a homozygous
α2AP deficiency exhibit severe bleeding symptoms, while heterozygous individuals have
mild bleeding tendencies or may be asymptomatic [23,24]. It has been reported that α2AP
is associated with pulmonary embolism, ischemic stroke, thrombotic thrombocytopenic
purpura (TTP), and arterial thrombosis, and the removal of venous thrombi, wound healing,
and fibrosis in several animal studies [6,23,25]. The N-terminal sequence is crosslinked
to fibrin by Factor XIIIa (FXIIIa), and the C-terminal region regulates the interaction with
plasmin. An antiplasmin-cleaving enzyme (APCE) or fibroblast activation protein (FAP),
such as dipeptidyl peptidase 4 (DPP4), causes the cleaving of Met-α2AP to Asn-α2AP
(12-amino-acid residue shorter form) [26,27]. It has been reported that Asn-α2AP becomes
cross-linked to fibrin approximately 13 times faster than Met-α2AP during clot formation
(Figure 2) [28]. In addition, matrix metalloproteinases-3 (MMP-3) inactivates α2AP by
cleaving its Pro19-Leu20 peptide bond [29].
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factor (PEDF) [30]. Both α2AP and PEDF have three β-sheets and nine α-helices, and their 
positions are similar (Figure 3) [31,32]. α2AP and PEDF have very similar structures, and 
α2AP can bind and activate adipose triglyceride lipase (ATGL), which is known to be a 
receptor for PEDF [33] and regulates cell signaling, cytokine production, ECM production, 
cell differentiation, and cell proliferation [5,10,11,34,35]. PEDF has been shown to cause 
anti-angiogenic effects by inhibiting VEGF signaling [36] and α2AP also inhibits VEGF 
signaling [19]. α2AP and PEDF may bind the same protein and have similar functions. 
Furthermore, α2AP contains an arginine-glycine-aspartic acid (RGD) sequence, which is 
a recognition sequence for integrins [37]. 

Figure 2. α2AP α2AP is a serpin with a molecular weight of 65–70 kd. The N-terminal sequence is
crosslinked to fibrin, and the C-terminal region regulates the interaction with plasmin. Antiplasmin-
cleaving enzyme (APCE) or fibroblast activation protein (FAP) causes the cleaving of Met-α2AP to
Asn-α2AP (12-amino-acid residue shorter form).

α2AP is most closely related to the noninhibitory serpin pigment epithelium-derived
factor (PEDF) [30]. Both α2AP and PEDF have three β-sheets and nine α-helices, and their
positions are similar (Figure 3) [31,32]. α2AP and PEDF have very similar structures, and
α2AP can bind and activate adipose triglyceride lipase (ATGL), which is known to be a
receptor for PEDF [33] and regulates cell signaling, cytokine production, ECM production,
cell differentiation, and cell proliferation [5,10,11,34,35]. PEDF has been shown to cause
anti-angiogenic effects by inhibiting VEGF signaling [36] and α2AP also inhibits VEGF
signaling [19]. α2AP and PEDF may bind the same protein and have similar functions.
Furthermore, α2AP contains an arginine-glycine-aspartic acid (RGD) sequence, which is a
recognition sequence for integrins [37].
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at its C-terminus [37], and the RGD sequence affects cell recognition and platelet activa-
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and 1IMV.pdb, respectively. The three β-sheets are shown in yellow (labeled sA-sC) and the 9 α-
helices are shown in pink (labeled hA-hI).
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4. α2AP Intracellular Signaling

α2AP can activate multiple intracellular signaling pathways, such as c-Jun N-terminal
kinase (JNK), extracellular signal-regulated kinase 1/2 (ERK1/2), p38 mitogen-activated
protein kinase (MAPK), and src-homology domain-2, containing tyrosine phosphatase
2 (SHP2) [11,13,19,38,39]. In addition, α2AP affects the vascular endothelial growth fac-
tor (VEGF) signaling [19], the angiotensin II (AngII) signaling [15], and the advanced
glycation end products (AGEs)-induced smad signaling [40]. α2AP and PEDF have a
similar structure, and α2AP can activate the adipose triglyceride lipase (ATGL), which is
one of the PEDF receptors. PEDF can bind to ATGL, laminin receptor (LR), low-density
lipoprotein-related protein 6 (LRP6), and the Notch receptor, and activate various cell
signal pathways such as JNK and p38 MAPK [36]. α2AP activates phospholipase A2 (PLA2)
through ATGL, which then promotes prostaglandin F2α (PGF2α) synthesis and transform-
ing growth factor-β (TGF-β) production [34]. In addition, α2AP deficiency promotes the
expression status of β-catenin, and α2AP attenuates Wnt-3a-induced β-catenin expression
and LRP6 activation [12]. Thus, α2AP can activate cell signaling through PEDF-binding
proteins, such as ATGL and LRP6, and α2AP may also bind other PEDF-binding proteins
and activate various cell signal pathways. On the other hand, α2AP has an RGD sequence
at its C-terminus [37], and the RGD sequence affects cell recognition and platelet activation
through integrin signaling [41,42].

Plasmin regulates the various signal pathways such as ERK1/2, p38 MAPK, Akt
nuclear factor-κB (NF-κB), adenosine monophosphate-activated protein kinase (AMPK),
signal transducers, and activators of transcription (STAT) pathways [9,43–45]. In addi-
tion, plasmin can activate growth factors such as TGF-β, VEGF, basic fibroblast growth
factor (bFGF), pro-brain derived neurotrophic factor (proBDNF), insulin-like growth factor-
binding protein 5 (IGFBP-5), and hepatocyte growth factor (HGF) [31,46,47]. Furthermore,
plasmin can activate MMP-1, MMP-3, MMP-9, and protease-activated receptor-1 (PAR-1),
PAR-4, platelets, factors V, VIII, and X [9,48–50]. α2AP may regulate various biological
functions through plasmin inhibition and α2AP’s self-mediated signaling (Figure 4).
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Figure 4. α2AP signaling. α2AP rapidly inactivates plasmin in fibrin clots or in the circulation,
resulting in the formation of PAP. α2AP not only inhibits plasmin activity but also activates ATGL
and regulates cell signaling. In addition, α2AP contains an RGD sequence and regulates integrin
signaling. On the other hand, plasmin has various functions such as fibrinolysis, growth factors and
MMPs activation.
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5. α2AP Deposition in SSc

The expression of α2AP is elevated in dermal fibroblasts obtained from SSc patients
and in the fibrotic tissue of SSc model mice [11,18]. In addition, the levels of PAP in plasma
are elevated in patients with SSc [51]. The deposition of α2AP may affect the progression
of SSc.

Connective tissue growth factor (CTGF) and interferon-γ (IFN-γ) induce α2AP produc-
tion through the ERK1/2 and JNK pathways in fibroblasts [11]. In addition, high-mobility
group box 1 (HMGB1) induced the production of α2AP through the receptor for advanced
glycation end products (RAGE) in fibroblasts [11]. Serum CTGF, IFN-γ, and HMGB1 levels
in SSc patients are higher than those in healthy controls [52–54]. The blockade of these
factors by neutralizing antibodies or inhibitors attenuates dermal fibrosis in bleomycin-
induced SSc model mice [54,55]. The increase in these factors may cause the induction of
α2AP expression and be associated with the pathogenesis of SSc.

The cleavage of α2AP by MMP-3 inactivates α2AP functions [29,56]. Serum levels of
anti-MMP-3 autoantibody and MMP-3 inhibitor, tissue inhibitors of metalloproteinase-1
(TIMP-1) are elevated in SSc patients [57,58]. In addition, the ratio of MMP-3/TIMP-1 is
decreased in SSc dermal fibroblasts [56]. The decrease in MMP-3 activity by MMP-3 autoan-
tibody and inhibitors in SSc may suppress α2AP degradation and cause α2AP deposition.

6. α2AP and Immune Abnormalities in SSc

Immune cells such as T cells, B cells, and macrophages have been found in the skin
and blood of SSc patients and SSc model mice [59–61], and these immune cells have often
been observed preceding the fibrotic process [62]. In SSc, B cells cause the production of
autoantibodies and the secretion of pro-inflammatory and pro-fibrotic cytokines such as
TGF-β, tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6). B cells also cooperate
with fibroblasts, endothelial cells (ECs), and T cells [61], and B cells are associated with EC
apoptosis, fibroblast activation, the upregulation of type I collagen synthesis, and regulate
the progression of fibrosis and vascular dysfunction in SSc [63,64]. T cells produce various
cytokines such as IL-4, IL-5, IL-6, IL-10, and IL-13 [64], and T cell-produced cytokines
regulate macrophage activation. In contrast, dermal fibrosis progression is induced in
the bleomycin-administrated T and B cell-deficient severe combined immune deficiency
(SCID) mice [65,66]. T cells contribute to macrophage activation, but T and B cells may
not be essential for the development of fibrosis. Classically (M1) and alternatively (M2)
activated macrophages induce pro-fibrotic cytokines such as TGF-β and IL-6 and TIMPs
production, fibroblast activation, and collagen production and collagen deposition, and
macrophages play a pivotal role in the development of fibrosis in SSc [63,67]. In particular,
M2 macrophages are elevated in SSc patients [68]. M2 macrophages are known to be
induced by IL-4 and IL-13 [69], and the blockade of IL-4 and IL-13 signaling by IL-4Rα
neutralizing antibodies attenuates the progression of fibrosis in SSc model mice [66]. The
increase in pro-fibrotic cytokine expression caused by these immune cells is associated
with myofibroblast conversion from tissue-resident fibroblast and bone marrow-derived
mesenchymal stem cells (MSC), epithelial-to-mesenchymal transition (EMT), and EndoMT.
Myofibroblast deposition subsequently promotes excessive ECM production [70,71]. On
the other hand, autoantibodies such as anti-MMP-1, anti-MMP-3, and anti-fibrin bound tPA
antibodies have been identified in SSc patients, and TIMPs are elevated in SSc [58,72–76],
and these factors suppress ECM degradation. Over-production and suppressed degradation
of ECM cause fibrosis. Thus, these immune cells are associated with the overproduction
of ECM and suppression of ECM degradation and have a major role in the onset of
fibrosis in SSc. The correlation between fibrosis progression and the existence of specific
autoantibodies such as anti-centromere antibodies and anti-Scl70 antibodies in SSc patients
is unknown.

α2AP induces inflammatory cytokine production such as IL-1β and TNF-α [38,39],
and α2AP deficiency affects neutrophil recruitment, lymphocyte infiltration, and IgE pro-
duction [16,77,78]. In addition, PAP causes an increase in IgG and IgM secretion [79]. The
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blockade of α2AP by α2AP neutralizing antibodies attenuates anti-Scl70 antibody produc-
tion in SSc model mice [18]. On the other hand, plasmin directly and indirectly regulates
cell migration, cell proliferation, cell adhesion, monocyte chemotaxis, macrophage phago-
cytosis, neutrophil aggregation, monocyte/macrophage infiltration into tissues, and the
release of cytokines, growth factors, and other inflammatory mediators [43,80–86]. In addi-
tion, plasmin can activate protease-activated receptor (PAR), platelets, factors V, VIII, and
X, and mediate inflammation response [9,48,49]. Furthermore, plasmin effectively cleaves
complement factors C3 and C5, thereby releasing the respective chemotactic anaphylatoxin
fragments [87], which results in potentiation of TLR4 signaling [88]. α2AP contributes to
inflammatory response, immune modulation, antibody production, and plasmin inhibition,
and may play an important role as a mediator of inflammation and the immune system
in SSc.

7. α2AP and Vascular Damage in SSc

Vascular damage in SSc includes morphological and functional changes. Microvascular
disorders, including Raynaud’s phenomenon, telangiectasias, and digital ulcers, frequently
occur in SSc patients [21,89,90]. Raynaud’s phenomenon is usually the initial manifestation
and is found in more than 90% of SSc patients. Capillary microscopy of the nailfold of the
fingers is a good tool to observe abnormalities in microvasculature. In the active stage of
the disease, moderate capillary loss and enlargement, as well as microhemorrhages, are
observed. In longstanding SSc, luminal constriction and obstruction are observed as a
result of intimal proliferation and marked fibrosis. Furthermore, besides microvascular
disorders, SSc patients have higher peripheral vascular disease, the prevalence of coronary
atherosclerosis, and cerebrovascular calcification [91].

A number of factors, such as autoantibodies and inflammation caused by immune
abnormalities, induce various cytokine production, persistent EC activation, impairment of
cell-cell adhesion, EC apoptosis, and the activation of complement and coagulant pathways,
and cause the progression of vascular damage, defective angiogenesis and vasculogenesis,
EndoMT, vascular tone alteration, and coagulation abnormalities [20,92]. Furthermore,
EC damage induces platelet activation, and the activated platelets release profibrotic
factors such as TGF-β and platelet-derived growth factor (PDGF). These factors induce
fibroblast activation, ECM production, and reactive oxygen species (ROS) release [93].
The activated platelets also activate T cells and B cells through serotonin and CD40L
release [93,94]. There is an imbalance between vasodilation and vasoconstriction in SSc.
The decrease in endothelial nitric oxide synthase (eNOS) expression and nitric oxide (NO)
release from ECs attenuates vasodilation. In the meantime, the increase in vasoconstrictors
such as endothelin-1 (ET-1) accelerates abnormal vasoconstriction [63]. Although the
expression of VEGF is elevated in the patient’s skin of SSc, defective angiogenesis is evident.
Moreover, a decrease in the number of endothelial progenitor cells (EPC) has been reported
in SSc patients, resulting in compromised vasculogenesis. Defective angiogenesis and
vasculogenesis then cause capillary loss and fibrosis. In SSc, vascular dysfunction is also
observed in the lung, kidney, and other organs as well as the skin, causing the development
of pulmonary arterial hypertension (PAH) and kidney manifestation [21]. Thus, vascular
dysfunction causes more immune abnormalities and ECM deposition in SSc.

α2AP induces the reduction of blood vessels and blood flow and causes vascular dam-
age in mice [19]. In addition, α2AP is associated with vascular remodeling, EC apoptosis,
VEGF production, and angiogenesis [10,15]. α2AP deficiency causes VEGF overproduction
and an increase in angiogenesis in the cutaneous wound healing process [10], and α2AP
attenuates the VEGF-induced pro-angiogenic effects such as EC proliferation and tube
formation by inhibiting VEGFR2 through SHP2 activation [19]. The expression of VEGF
is elevated in various types of different cells, such as immune cells, ECs, and fibroblasts;
nevertheless, vascular insufficiency manifests in SSc [95,96]. The increase in α2AP may
cause the impairment of VEGF responses in SSc. In addition, AngII, which regulates vas-
cular constriction and increases blood pressure [97], has profibrotic activity, and serum
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AngII levels in patients with SSc are higher than those in healthy control [98]. α2AP de-
ficiency attenuates the AngII-induced vascular remodeling and perivascular fibrosis [15].
The increase in α2AP may promote AngII signaling in SSc. Furthermore, α2AP positively
regulates the AGEs-induced EndoMT progression through smad signaling activation [40].
The accumulation of AGEs has been observed in the skin of SSc patients [99,100], and the
combination of AGEs and α2AP may affect EndoMT progression in SSc.

Plasmin damages EC integrity and endothelial barrier function and causes EC in-
jury [101,102]. In addition, plasmin regulates fibrin-mediated EC spread and prolifer-
ation [103], platelet activation and platelet release reactions through PAR [49,104,105],
MMP-regulated cell adhesion and cell migration [106], and TGF-β-mediated EC apopto-
sis [107]. Furthermore, plasmin regulates osteoprotegerin (OPG) production through the
ERK1/2 and p38 MAPK pathways [43]. OPG is elevated in SSc and is associated with
vascular calcification and atherosclerosis in SSc patients [108]. α2AP plays an important
role in vascular homeostasis through its functions and plasmin inhibition and may affect
the progression of vascular dysfunction in SSc.

8. α2AP and Fibrosis in SSc

Fibrosis is defined by tissue overgrowth, hardening, and/or scarring due to exces-
sive production, deposition, and contraction of ECM. This process usually occurs over
many months or years and causes organ damage or death. The progression of fibrosis is
considered to result from maladaptive repair processes caused by profibrotic factors such
as TGF-β, CTGF, AngII, PDGF, IFN-γ, and HMGB1, and the profibrotic factors induce
myofibroblast differentiation from tissue-resident fibroblasts and bone marrow-derived
mesenchymal stem cells (MSCs), epithelial-to-mesenchymal transition (EMT) and En-
doMT [55,70,71,109–111]. In addition, PGF2α is elevated in SSc patients and is associated
with fibrosis progression independently of TGF-β [112,113]. Activated myofibroblasts pro-
mote excessive ECM and various cytokine production. Furthermore, SSc myofibroblasts are
less prone to undergoing apoptosis [109]. In SSc, the phosphoinositide 3-kinase (PI3K)/Akt
pathway and c-Abl are increased, and these factors facilitate myofibroblast survival by
inhibiting the activity of BAX [109]. On the other hand, PAP and TIMPs expression are ele-
vated in SSc, and anti-MMP-1 and anti-MMP-3 autoantibodies have been identified in SSc
patients [51,58,72–76]. The increase in TIMPs expression and the suppression of MMPs and
plasmin activity attenuate ECM degradation and lead to ECM deposition. In addition, high
oxidative stress biomarkers such as malondialdehyde (MDA), asymmetric dimethylargi-
nine (ADMA), and 8-Isoprostane, in the circulating blood have been found in SSc patients
to mediate the inflammatory response, EndoMT, and fibrosis progression [114–116].

α2AP deficiency attenuates fibrosis progression in the bleomycin-induced SSc model
mice, and α2AP induces PGF2α and TGF-β production through ATGL and is associated
with myofibroblast differentiation, EMT, EndoMT, and ECM production [5,11,34,35,40]. In
addition, profibrotic factors including CTGF, HMGB1 and IFN-γ induce α2AP production in
fibroblasts [11,38,66], and the increase in α2AP expression may affect fibrosis progression in
SSc. Furthermore, it has been reported that α2AP deficiency attenuates oxidative stress [117]
and promotes apoptosis [17], and α2AP may affect the induction of oxidative stress and
resistance to apoptosis in SSc. On the other hand, plasmin can activate MMPs, such as
MMP-1, MMP-3, and MMP-9, and degrade ECM [118–120]. In addition, plasmin has an anti-
fibrotic function through the activation of HGF, which contributes to anti-fibrosis [47,121]
and the induction of myofibroblast apoptosis [122].

9. α2AP and Coagulation/Fibrinolysis in SSc

The fibrinolytic system is known to play an important role in the maintenance of
vascular integrity. The fibrinolytic activity is impaired in SSc, and the impaired fibrinolysis
system causes fibrin deposition and hyper-coagulation [123,124]. In addition, platelet
activation and aggregation in association with the elevated levels of fibrinogen, von Wille-
brand factor (vWF), lysophosphatidic acid, and sphingosine-1-phosphate (S1P) have been
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observed in SSc patients [93,125,126]. Fibrin is the most abundant ECM protein during the
initial stage of tissue repair and provides a provisional matrix, promoting inward migration
of tissue repair cells and preventing excessive blood loss [127]. Fibrin is also associated
with angiogenesis, re-epithelialization, fibroblast migration and proliferation, and wound
contraction. The fibrin deposition affects vascular injury, inflammation, immune cell activa-
tion, fibroblast growth and migration, and contributes to tissue remodeling, thrombosis,
hyper-coagulation, pulmonary hypertension, and inflammatory response through multiple
mechanisms [128–132]. Furthermore, fibrin regulates leukocyte migration and cell-to-cell
adhesion between leukocytes and endothelium, immune cell activation, phagocytosis, and
cytokine production [128,133–135]. Persistent fibrin enhances collagen accumulation and
is associated with the development of dermal fibrosis [127]. Fibrin functions as a ligand
for toll-like receptor-4 (TLR-4), vascular endothelial-cadherin (VE-cadherin), intercellular
adhesion molecule (ICAM)-1, α5β1, αxβ2, αMβ2 integrin, and stimulates various cells,
including leukocytes, ECs, platelets, and fibroblasts [128,136–138]. In addition, fibrin can
anchor to the endothelial surface through the very-low-density lipoprotein receptor and
promote leukocyte transmigration [139]. In vascular diseases, fibrin is present in normal
arterial intima and atherosclerotic lesions [129]. In rheumatoid arthritis, fibrin becomes
autoantigenic by the posttranslational modification, citrullination, and contributes to the
inflammatory response through the TLR-4 pathway [129,140]. The crosslinking of fibrin
by FXIII stabilizes fibrin clots, and the stable fibrin supports increased inflammatory cell
adhesion, migration, and cytokine production [128,141]. FXIII is also known to induce
angiogenesis and neovascularization through VEGFR-2 and αvβ3 integrin [142]. In addi-
tion, oxidative stress affects the cross-linking, branching, and height distribution of fibrin
and significantly alters thrombus composition and architecture [143,144]. The impaired
fibrinolysis system results in fibrin deposition in SSc [123,124]. Patients with SSc may be
predisposed to thrombotic arterial complications and macrovascular impairment, which
may also contribute to immune abnormalities, vascular damage, and fibrosis progression
in SSc. Fibrin clearance may affect the onset of SSc.

α2AP is an important physiological substrate of FAP, including DPP4 [145]. The
expression of DPP4 is elevated in the fibrotic skin of SSc patients [146]. The increase in
DPP4 expression in SSc may induce the conversion of Met-α2AP to Asn-α2AP and promote
cross-linking to fibrin, which then causes impaired fibrinolysis and fibrin deposition in SSc.

10. The Role of α2AP as a Therapeutic Target for SSc

The treatment of α2AP neutralizing antibody improves vascular function and fibro-
sis and attenuates autoantibody production in SSc model mice [18,19]. In addition, the
α2AP neutralizing antibody enhances fibrinolysis and thrombus dissolution [23,25,147].
Furthermore, α2AP deficiency attenuates oxidative stress [117], and α2AP neutralization
may attenuate oxidative stress in SSc.

The inactivation of α2AP by MMP-3 recovers the pro-fibrotic phenotype of SSc dermal
fibroblasts [56]. The treatment of MMP-3 may promote the degradation of α2AP and
recovery of immune abnormalities, vascular damage, and fibrosis progression in SSc.

The inhibition of APCE causes the arrest of Met-α2AP conversion and results in
increased fibrinolysis [148]. In addition, the inhibition of DPP4 exerts potent anti-fibrotic
effects [146]. On the other hand, Plg interacts with DPP4 and regulates DPP4 activity [81].
The inhibition of APCE and DPP4 may attenuate the cleavage of α2AP and cause an
increase in fibrinolysis.

Small non-coding RNA sequences (miRNAs) are associated with vascular, immune
response, and ECM homeostasis, and upregulation or downregulation of diverse miR-
NAs has been observed in blood and tissue from SSc patients [149]. MiR-29a represses
α2AP and TIMP-1 expression and recovers the pro-fibrotic phenotype in SSc dermal fi-
broblasts [56,150]. The MMP-3 activation by the decrease in TIMP-1 expression may cause
α2AP inactivation and affect the alleviation of SSc. In addition, an online database predicts
that miR-30c can target α2AP mRNA, and the administration of miR-30c attenuates α2AP
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expression in the skin of SSc model mice [151]. MiR-30c also prevents pro-fibrotic changes
such as myofibroblast differentiation, ECM overproduction, and vascular dysfunction, and
exerts anti-fibrotic and anti-angiopathic effects in SSc model mice [151]. Furthermore, miR-
133a-3p, miR-26a, and miR-30a attenuate fibrosis progression by inhibiting CTGF [152–154].
CTGF has been reported to induce α2AP expression [11]. This miRNA treatment may
suppress α2AP expression.

The fusion protein of human serum albumin (HSA) to the α2AP N-terminal motif
reduces fibrinolytic resistance by crosslinking to fibrinogen and fibrin [155]. In addition,
synthetic peptide (AP26) corresponding to the carboxy-terminal region of α2AP enhances
the conversion of plasminogen to plasmin induced by uPA and accelerates fibrinolysis [156].
The AP26 peptide also inhibits FXIIIa-catalyzed crosslinking of fibrin [156].

Microplasmin is a derivative of plasmin which lacks the five kringle domains [157],
and microplasmin neutralize α2AP activity [158,159]. The neutralization of α2AP by
microplasmin reduces ischemic stroke and improves neurological dysfunction [159,160].

The blockade and inactivation of α2AP by neutralizing antibodies, MMP-3, APCE
inhibitor, miRNA, fusion proteins, and microplasmin may improve fibrosis progression,
vascular dysfunction, and impaired fibrinolysis in SSc (Figure 5).
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antibody, MMP-3, APCE inhibitor, miRNA, fusion proteins, and microplasmin suppress myofibroblast
differentiation and ECM production and enhance fibrinolysis and thrombus dissolution and may
improve fibrosis progression and vascular dysfunction in SSc.

11. Conclusions and Therapeutic Perspectives

In SSc, immune abnormalities, vascular damage, and fibrosis contribute to disease
progression. The changes in α2AP expression and activity may result in immune system
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activation, disruption of endothelial homeostasis, and aberrant ECM metabolism, which
consequently contribute to SSc progression (Figure 6). The blockade of α2AP functions
may prevent the progression of SSc and may be a novel therapeutic approach to SSc.
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Is Related to the Disease and Vascular Damage: A Cross-Sectional Analytic Study of Comparative Groups. Dis. Markers. 2015,
2015, 837470. [CrossRef] [PubMed]

100. Davies, C.A.; Herrick, A.L.; Cordingley, L.; Freemont, A.J.; Jeziorska, M. Expression of Advanced Glycation end Products and
Their Receptor in Skin from Patients with Systemic Sclerosis with and without Calcinosis. Rheumatology 2009, 48, 876–882.
[CrossRef] [PubMed]

101. Li, L.; Yao, Y.-C.; Gu, X.-Q.; Che, D.; Ma, C.-Q.; Dai, Z.; Li, C.; Zhou, T.; Cai, W.-B.; Yang, Z.-H.; et al. Plasminogen Kringle
5 Induces Endothelial Cell Apoptosis by Triggering a Voltage-dependent Anion Channel 1 (VDAC1) Positive Feedback Loop. J.
Biol. Chem. 2014, 289, 32628–32638. [CrossRef] [PubMed]

102. Okajima, K.; Abe, H.; Binder, B.R. Endothelial Cell Injury Induced by Plasmin in Vitro. J. Lab. Clin. Med. 1995, 126, 377–384.
103. Mosesson, M.W. Fibrinogen and Fibrin Structure and Functions. J. Thromb. Haemost. 2005, 3, 1894–1904. [CrossRef]
104. Watabe, A.; Ohta, M.; Matsuyama, N.; Mizuno, K.; El Borai, N.; Tanimoto, T.; Kawanishi, T.; Hayakawa, T. Characterization of

Plasmin-Induced Platelet Aggregation. Res. Commun. Mol. Pathol. Pharmacol. 1997, 96, 341–352.
105. Niewiarowski, S.; Senyi, A.F.; Gillies, P. Plasmin-Induced Platelet Aggregation and Platelet Release Reaction. Effects on

Hemostasis. J. Clin. Investig. 1973, 52, 1647–1659. [CrossRef]
106. Rundhaug, J.E. Matrix Metalloproteinases and Angiogenesis. J. Cell. Mol. Med. 2005, 9, 267–285. [CrossRef]
107. Yan, Q.; Sage, E. Transforming Growth Factor-Beta1 Induces Apoptotic Cell Death in Cultured Retinal Endothelial Cells but not

Pericytes: Association with Decreased Expression of p21waf1/cip1. J. Cell Biochem. 1998, 70, 70–83. [CrossRef]
108. Gamal, R.M.; Gamal, W.M.; Abozaid, H.S.M.; Ghandour, A.M.; Mohamed, M.E.; Emad, Y.; Galeel, A.A. 201 Study of the

Osteoprotegerin Receptor Activator of Nuclear Factor kB Ligand System Association with Inflammation and Atherosclerosis in
Systemic Sclerosis. Rheumatology 2018, 57, key075-425. [CrossRef]

http://doi.org/10.3390/ijms151121229
http://doi.org/10.1016/j.diabres.2016.08.007
http://doi.org/10.1182/blood-2017-04-776385
http://doi.org/10.1155/2012/564259
http://doi.org/10.1182/blood-2014-01-549659
http://doi.org/10.1038/icb.2016.56
http://doi.org/10.1182/blood-2016-09-738096
http://doi.org/10.4049/jimmunol.0903678
http://doi.org/10.1016/j.bbrc.2005.12.188
http://doi.org/10.1016/S0140-6736(00)05118-7
http://doi.org/10.1080/00313020500033262
http://doi.org/10.1002/art.30380
http://doi.org/10.1111/j.1582-4934.2010.01027.x
http://doi.org/10.3389/fimmu.2019.01453
http://doi.org/10.1038/srep24715
http://doi.org/10.1016/j.autrev.2011.04.019
http://doi.org/10.1038/nrrheum.2010.102
http://doi.org/10.1038/nrd873
http://doi.org/10.1002/art.11364
http://www.ncbi.nlm.nih.gov/pubmed/14730619
http://doi.org/10.1155/2015/837470
http://www.ncbi.nlm.nih.gov/pubmed/26880854
http://doi.org/10.1093/rheumatology/kep151
http://www.ncbi.nlm.nih.gov/pubmed/19542215
http://doi.org/10.1074/jbc.M114.567792
http://www.ncbi.nlm.nih.gov/pubmed/25296756
http://doi.org/10.1111/j.1538-7836.2005.01365.x
http://doi.org/10.1172/JCI107345
http://doi.org/10.1111/j.1582-4934.2005.tb00355.x
http://doi.org/10.1002/(SICI)1097-4644(19980701)70:1&lt;70::AID-JCB8&gt;3.0.CO;2-0
http://doi.org/10.1093/rheumatology/key075.425


Life 2022, 12, 396 15 of 16

109. Van Caam, A.; Vonk, M.; van den Hoogen, F.; van Lent, P.; van der Kraan, P. Unraveling SSc Pathophysiology; The Myofibroblast.
Front. Immunol. 2018, 9, 2452. [CrossRef]

110. Xing, X.; Li, A.; Tan, H.; Zhou, Y. IFN-γ+ IL-17+ Th17 Cells Regulate Fibrosis through Secreting IL-21 in Systemic Scleroderma. J.
Cell Mol. Med. 2020, 24, 13600–13608. [CrossRef]

111. Vernon, M.A.; Mylonas, K.J.; Hughes, J. Macrophages and Renal Fibrosis. Semin. Nephrol. 2010, 30, 302–317. [CrossRef]
112. Cracowski, J.; Marpeau, C.; Carpentier, P.; Imbert, B.; Hunt, M.; Stanke-Labesque, F.; Bessard, G. Enhanced in Vivo Lipid

Peroxidation in Scleroderma Spectrum Disorders. Arthritis Rheum. 2001, 44, 1143–1148. [CrossRef]
113. Oga, T.; Matsuoka, T.; Yao, C.; Nonomura, K.; Kitaoka, S.; Sakata, D.; Kita, Y.; Tanizawa, K.; Taguchi, Y.; Chin, K.; et al.

Prostaglandin F2alpha Receptor Signaling Facilitates Bleomycin-Induced Pulmonary Fibrosis Independently of Transforming
Growth Factor-Beta. Nat. Med. 2009, 15, 1426–1430. [CrossRef]

114. Vona, R.; Giovannetti, A.; Gambardella, L.; Malorni, W.; Pietraforte, D.; Straface, E. Oxidative Stress in the Pathogenesis of
Systemic Scleroderma: An Overview. J. Cell. Mol. Med. 2018, 22, 3308–3314. [CrossRef]

115. Mancini, O.K.; Acevedo, M.; Fazez, N.; Cuillerier, A.; Ruiz, A.F.; Huynh, D.N.; Burelle, Y.; Ferbeyre, G.; Baron, M.; Servant, M.J.
Oxidative Stress-Induced Senescence Mediates Inflammatory and Fibrotic Phenotypes in Fibroblasts from Systemic Sclerosis
Patients. Rheumatology 2022, 61, 1265–1275. [CrossRef] [PubMed]

116. Thuan, D.T.B.; Zayed, H.; Eid, A.H.; Abou-Saleh, H.; Nasrallah, G.; Mangoni, A.A.; Pintus, G. A Potential Link between Oxidative
Stress and Endothelial-to-Mesenchymal Transition in Systemic Sclerosis. Front. Immunol. 2018, 9, 1985. [CrossRef]

117. Kawashita, E.; Ishihara, K.; Miyaji, H.; Tanishima, Y.; Kiriyama, A.; Matsuo, O.; Akiba, S. α2-Antiplasmin as a Potential Regulator
of the Spatial Memory Process and Age-Related Cognitive Decline. Mol. Brain 2020, 13, 140. [CrossRef]

118. Bobik, A.; Tkachuk, V. Metalloproteinases and Plasminogen Activators in Vessel Remodeling. Curr. Hypertens. Rep. 2003, 5,
466–472. [CrossRef]

119. Waasdorp, M.; Duitman, J.; Spek, C.A. Plasmin Reduces Fibronectin Deposition by Mesangial Cells in a Protease-Activated
Receptor-1 Independent Manner. Biochem. Biophys. Rep. 2017, 10, 152–156. [CrossRef]

120. Horowitz, J.C.; Rogers, D.S.; Simon, R.H.; Sisson, T.H.; Thannickal, V.J. Plasminogen Activation–Induced Pericellular Fibronectin
Proteolysis Promotes Fibroblast Apoptosis. Am. J. Respir. Cell Mol. Biol. 2008, 38, 78–87. [CrossRef]

121. Bauman, K.A.; Wettlaufer, S.H.; Okunishi, K.; Vannella, K.M.; Stoolman, J.S.; Huang, S.K.; Courey, A.J.; White, E.S.;
Hogaboam, C.M.; Simon, R.H.; et al. The Antifibrotic Effects of Plasminogen Activation Occur via Prostaglandin E2 Synthesis in
Humans and Mice. J. Clin. Investig. 2010, 120, 1950–1960. [CrossRef]

122. Kochtebane, N.; Choqueux, C.; Passefort, S.; Nataf, P.; Messika-Zeitoun, D.; Bartagi, A.; Michel, J.-B.; Anglés-Cano, E.; Jacob, M.-P.
Plasmin Induces Apoptosis of Aortic Valvular Myofibroblasts. J. Pathol. 2009, 221, 37–48. [CrossRef]

123. Asano, Y. Systemic Sclerosis. J. Dermatol. 2018, 45, 128–138. [CrossRef]
124. Cerinic, M.M.; Valentini, G.; Sorano, G.; D’Angelo, S.; Cuomo, G.; Fenu, L.; Generini, S.; Cinotti, S.; Morfini, M.; Pignone, A.; et al.

Blood Coagulation, Fibrinolysis, and Markers of Endothelial Dysfunction in Systemic Sclerosis. Semin. Arthritis Rheum. 2003, 32,
285–295. [CrossRef]

125. Terrier, B.; Tamby, M.; Camoin, L.; Guilpain, P.; Bérezné, A.; Tamas, N.; Broussard, C.; Hotellier, F.; Humbert, M.;
Simonneau, G.; et al. Antifibroblast Antibodies from Systemic Sclerosis Patients Bind to {Alpha}-Enolase and Are Associ-
ated with Interstitial Lung Disease. Ann. Rheum. Dis. 2010, 69, 428–433. [CrossRef]

126. Ntelis, K.; Solomou, E.E.; Sakkas, L.; Liossis, S.-N.; Daoussis, D. The Role of Platelets in Autoimmunity, Vasculopathy, and
Fibrosis: Implications for Systemic Sclerosis. Semin. Arthritis Rheum. 2017, 47, 409–417. [CrossRef]

127. De Giorgio-Miller, A.; Bottoms, S.; Laurent, G.; Carmeliet, P.; Herrick, S. Fibrin-Induced Skin Fibrosis in Mice Deficient in Tissue
Plasminogen Activator. Am. J. Pathol. 2005, 167, 721–732. [CrossRef]

128. Luyendyk, J.P.; Schoenecker, J.G.; Flick, M.J. The Multifaceted Role of Fibrinogen in Tissue Injury and Inflammation. Blood 2019,
133, 511–520. [CrossRef]

129. Schuliga, M. The Inflammatory Actions of Coagulant and Fibrinolytic Proteases in Disease. Mediat. Inflamm. 2015, 2015, 437695.
[CrossRef]

130. Schuliga, M.; Grainge, C.; Westall, G.; Knight, D. The Fibrogenic Actions of the Coagulant and Plasminogen Activation Systems
in Pulmonary Fibrosis. Int. J. Biochem. Cell Biol. 2018, 97, 108–117. [CrossRef]

131. Miniati, M.; Fiorillo, C.; Becatti, M.; Monti, S.; Bottai, M.; Marini, C.; Grifoni, E.; Formichi, B.; Bauleo, C.; Arcangeli, C.; et al. Fibrin
Resistance to Lysis in Patients with Pulmonary Hypertension Other than Thromboembolic. Am. J. Respir. Crit. Care Med. 2010,
181, 992–996. [CrossRef]

132. Davalos, D.; Akassoglou, K. Fibrinogen as a Key Regulator of Inflammation in Disease. Semin. Immunopathol. 2011, 34, 43–62.
[CrossRef] [PubMed]

133. Rubel, C.; Fernández, G.C.; Dran, G.; Bompadre, M.B.; Isturiz, M.A.; Palermo, M.S. Fibrinogen Promotes Neutrophil Activation
and Delays Apoptosis. J. Immunol. 2001, 166, 2002–2010. [CrossRef] [PubMed]

134. Sitrin, R.G.; Pan, P.M.; Srikanth, S.; Todd, R.F. Fibrinogen Activates NF-Kappa B Transcription Factors in Mononuclear Phagocytes.
J. Immunol. 1998, 161, 1462–1470. [PubMed]

135. Smiley, S.T.; King, J.A.; Hancock, W.W. Fibrinogen Stimulates Macrophage Chemokine Secretion Through Toll-Like Receptor 4. J.
Immunol. 2001, 167, 2887–2894. [CrossRef]

http://doi.org/10.3389/fimmu.2018.02452
http://doi.org/10.1111/jcmm.15266
http://doi.org/10.1016/j.semnephrol.2010.03.004
http://doi.org/10.1002/1529-0131(200105)44:5&lt;1143::AID-ANR196&gt;3.0.CO;2-
http://doi.org/10.1038/nm.2066
http://doi.org/10.1111/jcmm.13630
http://doi.org/10.1093/rheumatology/keab477
http://www.ncbi.nlm.nih.gov/pubmed/34115840
http://doi.org/10.3389/fimmu.2018.01985
http://doi.org/10.1186/s13041-020-00677-3
http://doi.org/10.1007/s11906-003-0054-5
http://doi.org/10.1016/j.bbrep.2017.03.009
http://doi.org/10.1165/rcmb.2007-0174OC
http://doi.org/10.1172/JCI38369
http://doi.org/10.1002/path.2681
http://doi.org/10.1111/1346-8138.14153
http://doi.org/10.1053/sarh.2002.50011
http://doi.org/10.1136/ard.2008.104299
http://doi.org/10.1016/j.semarthrit.2017.05.004
http://doi.org/10.1016/S0002-9440(10)62046-9
http://doi.org/10.1182/blood-2018-07-818211
http://doi.org/10.1155/2015/437695
http://doi.org/10.1016/j.biocel.2018.02.016
http://doi.org/10.1164/rccm.200907-1135OC
http://doi.org/10.1007/s00281-011-0290-8
http://www.ncbi.nlm.nih.gov/pubmed/22037947
http://doi.org/10.4049/jimmunol.166.3.2002
http://www.ncbi.nlm.nih.gov/pubmed/11160249
http://www.ncbi.nlm.nih.gov/pubmed/9686612
http://doi.org/10.4049/jimmunol.167.5.2887


Life 2022, 12, 396 16 of 16

136. Suehiro, K.; Gailit, J.; Plow, E. Fibrinogen Is a Ligand for Integrin α5β1 on Endothelial Cells. J. Biol. Chem. 1997, 272, 5360–5366.
[CrossRef]

137. Yokoyama, K.; Zhang, X.; Medved, L.; Takada, Y. Specific Binding of Integrin α vs. β3 to the Fibrinogen γ and αE Chain
C-Terminal Domains. Biochemistry 1999, 38, 5872–5877. [CrossRef]

138. Millien, V.O.; Lu, W.; Shaw, J.; Yuan, X.; Mak, G.; Roberts, L.; Song, L.-Z.; Knight, J.M.; Creighton, C.J.; Luong, A.; et al. Cleavage
of Fibrinogen by Proteinases Elicits Allergic Responses Through Toll-Like Receptor 4. Science 2013, 341, 792–796. [CrossRef]

139. Yakovlev, S.; Mikhailenko, I.; Cao, C.; Zhang, L.; Strickland, D.K.; Medved, L. Identification of VLDLR as a Novel Endothelial
Cell Receptor for Fibrin that Modulates Fibrin-Dependent Transendothelial Migration of Leukocytes. Blood 2012, 119, 637–644.
[CrossRef]

140. Sanchez-Pernaute, O.; Filkova, M.; Gabucio, A.; Klein, M.; Maciejewska-Rodrigues, H.; Ospelt, C.; Brentano, F.; Michel, B.A.;
Gay, R.E.; Herrero-Beaumont, G.; et al. Citrullination Enhances the Pro-Inflammatory Response to Fibrin in Rheumatoid Arthritis
Synovial Fibroblasts. Ann. Rheum. Dis. 2012, 72, 1400–1406. [CrossRef]

141. Kattula, S.; Byrnes, J.R.; Wolberg, A.S. Fibrinogen and Fibrin in Hemostasis and Thrombosis. Arterioscler. Thromb. Vasc. Biol. 2017,
37, e13–e21. [CrossRef]

142. Herwald, H.; Korte, W.; Allanore, Y.; Denton, C.P.; Cerinic, M.M.; Dickneite, G. Coagulation Factor XIII: A Multifunctional
Transglutaminase with Clinical Potential in a Range of Conditions. Thromb. Haemost. 2015, 113, 686–697. [CrossRef]

143. Wang, L.; Li, L.; Wang, H.; Liu, J. Study on the Influence of Oxidative Stress on the Fibrillization of Fibrinogen. Biochem. J. 2016,
473, 4373–4384. [CrossRef]

144. Siudut, J.; Natorska, J.; Wypasek, E.; Wiewiórka, Ł.; Ostrowska-Kaim, E.; Wiśniowska-Śmiałek, S.; Plens, K.; Legutko, J.; Undas, A.
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