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The Role of Fibrinolytic System in Health and Disease

Hau C. Kwaan

Division of Hematology-Oncology, Feinberg School of Medicine, Northwestern University,
Chicago, IL 60611, USA; h-kwaan@northwestern.edu

Abstract: The fibrinolytic system is composed of the protease plasmin, its precursor plasminogen and
their respective activators, tissue-type plasminogen activator (tPA) and urokinase-type plasminogen
activator (uPA), counteracted by their inhibitors, plasminogen activator inhibitor type 1 (PAI-1), plas-
minogen activator inhibitor type 2 (PAI-2), protein C inhibitor (PCI), thrombin activable fibrinolysis
inhibitor (TAFI), protease nexin 1 (PN-1) and neuroserpin. The action of plasmin is counteracted
by α2-antiplasmin, α2-macroglobulin, TAFI, and other serine protease inhibitors (antithrombin and
α2-antitrypsin) and PN-1 (protease nexin 1). These components are essential regulators of many
physiologic processes. They are also involved in the pathogenesis of many disorders. Recent ad-
vancements in our understanding of these processes enable the opportunity of drug development in
treating many of these disorders.

Keywords: fibrinolysis; plasmin; plasminogen activator; PAI-1; PAI-2; antiplasmin

The fibrinolytic system, also known as the plasminogen–plasmin system, is composed
of a proteolytic enzyme plasmin (Pm) with its precursor plasminogen (Pg) (Figure 1) [1–7].
There are two naturally occurring activators of plasminogen, tissue-type plasminogen
activator (tPA) and urokinase-type plasminogen activator (uPA). In addition, the conversion
from Pg to Pm can be accomplished by other proteases such as streptokinase, staphylokinase
and plasmin. The actions of activators are counteracted by inhibitors, plasminogen activator
type 1 (PAI-1), plasminogen activator type 2 (PAI-2), protein C inhibitor (PCI), thrombin
activable fibrinolysis inhibitor (TAFI), protease nexin 1 (PN-1) and neuroserpin. Pm, on the
other hand, are inhibited by α2-antiplasmin, α2-macroglobulin, TAFI and serine protease
inhibitors, including antithrombin and α2-antitrypsin, and by PN-1. In addition, there
are receptors for plasminogen [8] and for tPA in the form of annexin II [9–11], which is
co-localized on the cell surface S-100A10 [12], as well as a receptor for uPA, uPAR [13].

When first discovered, the fibrinolytic system was thought to primarily function as a
regulator of fibrin formation and breakdown. Soon it was found that it is involved in many
physiological and pathological functions (Tables 1 and 2). A complete review is beyond the
scope of this article, but a few examples are shown below.

Table 1. Physiological functions of the fibrinolytic system.

Embryogenesis Ovulation, menstruation
Pregnancy

Neuron growth
Brain function

Regulation of blood–brain barrier
Immunity

Wound healing
Senescence

Fibrosis

Int. J. Mol. Sci. 2022, 23, 5262. https://doi.org/10.3390/ijms23095262 https://www.mdpi.com/journal/ijms1
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Figure 1. The fibrinolytic (plasminogen–plasmin) system.

Table 2. Role of the fibrinolytic system in multiple disorders.

Neurologic disorders
Stroke/Hemorrhagic transformation

Degenerative disorders
Cancer proliferation, invasion/metastasis, angiogenesis

Vascular diseases
Atherosclerosis, myocardial infarction

Metabolic syndrome
Trauma
Fibrosis

Components of the Pg–Pm system are involved in the regulation of menstruation
and pregnancy [14], with interactions between the gonadotrophins and tPA, uPA and
uPAR. tPA is involved in neuronal growth and learning [15], the regulation of the blood–
brain barrier [16–19], and the regulation of glucose metabolism in the brain [20]. Through
multiple pathways, fibrinolytic components can modulate host immunity [21–23]. PAI-1
is involved in cell senescence [24] and physiological aging [25]. uPA/uPAR and PAI-1
regulate cell motility and migration and thus are important in wound healing [26,27].

In many types of cancer, there is evidence that there is a correlation between uPA,
uPAR and PAI-1 and the aggressiveness and metastatic potential in both tumor cell cultures
and tumor tissues [28–33]. In carcinoma of the breast, elevated levels of uPA and PAI-1
were found to be associated with a worse prognosis [34]. This association was used in the
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management of the tumor [35,36]. In carcinoma of the pancreas, the postoperative survival
of those with high uPA and PAI-1 was found to be 9 months, while those without these
markers was 18 months [37]. A poor response to chemotherapy in small-cell carcinoma
of the lung was observed in those with high uPAR [38]. In an athymic mouse model,
the transfection of PAI-1 to prostate cancer cells (PC-3) was found to inhibit growth and
metastasis [39].

Fibrinolysis is a major component of trauma-induced coagulopathy [40]. As hem-
orrhage is the major cause of death, excessive fibrinolysis has been observed early after
injury and showed a negative predictive value of outcome [41–46]. However, the status of
fibrinolysis rapidly changes to a hypofibrinolytic phase, often referred to as “fibrinolytic
shutdown”. Such a temporal change is part of the body’s response to injury. Persistent
low fibrinolytic activity is, however, associated with poor outcomes with multi-organ
failure. In one study, patients with low fibrinolytic activity for 7 days had an eightfold
higher mortality rate than those whose fibrinolytic activity recovered [47]. In another study,
a threefold higher mortality was seen in those with persistent fibrinolytic shutdown at
24 h after injury [48]. Furthermore, the fibrinolytic components play a major role in the
pathogenesis of intracranial hemorrhage in trauma patients [40]. Notably, hyperfibrinolysis
carries with it a poor prognosis. This is due in part to a breakdown of the blood–brain
barrier [16,18,40], as discussed below.

In acute and chronic stress, the hemostatic balance, including endothelial activation,
the activation of coagulation and altered fibrinolytic balance, are altered [49]. These changes
are pro-thrombotic and hypofibrinolytic with an increase in PAI-1.

Impaired fibrinolysis has been observed in depression with an increase in PAI-1 [50].
Fibrinolysis is an important factor in brain remodeling [51]. Biomarkers for depression are
correlated with hypofibrinolysis.

Neurologic functions are another area where tPA and PAI-1 are involved. A wide range
of these functions includes ovulation [52], embryogenesis [53], neuronal migration [54],
learning [55], the degradation of amyloid [16], stress/fear response [56], and the regula-
tion of the blood–brain barrier [10,12,34]. Notably, tPA increases the permeability of the
blood–brain barrier in both a plasmin-dependent and a plasmin-independent pathway.
Plasmin activates metalloproteinase directly. Alternatively, tPA can directly activate la-
tent platelet-derived growth factor CC (PDGF-CC), and the tPA–PAI-1 complex activates
PDGF receptor alpha (PDGFRa), thus signaling intracellular PI 3K, Ras MAPK, p38 MAPK
and PLc-g. These signal an increase in vascular permeability and open the blood–brain
barrier [16,18,57,58].

Clinically, these characteristics of tPA are seen as adverse effects. In the treatment
of acute ischemic stroke, tPA can increase the risk of hemorrhagic conversion. In nine
clinical trials [59,60], hemorrhagic conversion resulted in severe intracranial hemorrhage
within 24–36 h in 6.8% of patients, while this figure is 1% in those not receiving tPA, an
increase of over fivefold. Fatal intercranial hemorrhage within 7 days occurred in 2.7% of
the tPA-treated patients versus 0.4% in those not treated, an over sixfold increase.

In the cardiovascular system, PAI-1 is elevated in cardiovascular diseases [61–63] and
in metabolic syndrome [64]. In a clinical trial assessing the dietary intake of saturated
fatty acids, PAI-1 concentrations were twofold higher in participants at increased risk for
cardiometabolic diseases compared with healthy participants. Patients with acute myocar-
dial infarction and acute ischemic strokes were found to have higher PAI-1 levels [63]. In
patients with metabolic syndrome, dietary restriction results in the lowering of the PAI-1
level [61].

During response to injury, plasmin and PAI-1 are involved in the wound healing
process. Plasmin activates many latent growth factors and proteases, including metal-
loproteinases (MMP). The latter are responsible for the breakdown of the intercellular
matrix. The failure of this process results in delayed healing and chronic inflammation
with fibrosis [65]. PAI-1 enhances fibrosis in chronic inflammation in many organs [66–68].
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In experimental animals, for example, transgenic mouse with the PAI-1 −/− genotype,
fibrosis does not occur following injury, such as the bleomycin injury model, to the lung.

In COVID-19, both tPA and PAI-1 are involved in the complex pathway in which the
spike protein of SARS-Co-2 attaches to a component of the renin–aldosterone–angiotensin
system, ACE 2, during the invasion of the host cells [69–71]. First, plasmin and with other
proteases, trypsin and transmembrane proteases (TMPRSS 2), facilitate the binding of the
spike protein to ACE 2. Following binding, ACE is internalized and unable to process the
breakdown of angiotensin II, leading to its excess. The excess of angiotensin II leads to
an increase in PAI-1 [72]. This contributes to the hypercoagulable state seen in COVID-19.
In addition, the excess of angiotensin II binds to its receptor angiotensin II receptor 1a,
causing lung injury and leading to pulmonary edema with the formation of a hyaline
membrane with fibrin in the alveoli [73,74]. Here, again, plasmin is involved in clearing
fibrin. Furthermore, the diffuse alveolar damage with damaged type II alveolar cells leads
to decreased surfactant, which results in the induction of the p53 pathway and increased
PAI-1 [75].

In summary, the role of the fibrinolytic system is not limited to the resolution of
fibrin and thrombi, but is involved a wide range of physiologic conditions and pathologic
disorders. The intensive research carried out in recent years has revealed many new
findings. This knowledge offers an opportunity for therapeutic development, particularly
in the mitigation of the adverse effects of PAI-1. Greater understanding of these functions
is essential for the management of many disorders.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In recent decades, the obesity epidemic has resulted in morbidity and mortality rates
increasing globally. In this study, using obese mouse models, we investigated the relationship among
urokinase plasminogen activator (uPA), metabolic disorders, glomerular filtration rate, and adipose
tissues. Two groups, each comprised of C57BL/6J and BALB/c male mice, were fed a chow diet
(CD) and a high fat diet (HFD), respectively. Within the two HFD groups, half of each group were
euthanized at 8 weeks (W8) or 16 weeks (W16). Blood, urine and adipose tissues were collected and
harvested for evaluation of the effects of obesity. In both mouse models, triglyceride with insulin
resistance and body weight increased with duration when fed a HFD in comparison to those in the
groups on a CD. In both C57BL/6J and BALB/c HFD mice, levels of serum uPA initially increased
significantly in the W8 group, and then the increment decreased in the W16 group. The glomerular
filtration rate declined in both HFD groups. The expression of uPA significantly decreased in brown
adipose tissue (BAT), but not in white adipose tissue, when compared with that in the CD group.
The results suggest a decline in the expression of uPA in BAT in obese m models as the serum uPA
increases. There is possibly an association with BAT fibrosis and dysfunction, which may need
further study.

Keywords: urokinase plasminogen activator; brown adipose tissue; obesity

1. Introduction

In recent decades, along with high-fat diets (HFD) and sedentary lifestyles, the preva-
lence of obesity has increased, resulting in a worldwide epidemic of type 2 diabetes melli-
tus, hypertension and cardiovascular events [1]. Obesity also contributes to non-alcoholic
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steatohepatitis progressing to liver cirrhosis and hepatoma [2], and leads to glomerular hy-
perfiltration, reduction of nephron mass, and glomerulopathy in the kidney [3]. Although
the causality of obesity is complex, the excessive accumulation of fat mass is believed to be
a crucial factor. Generally, there are two different types of adipose tissues—white adipose
tissue (WAT) and brown adipose tissue (BAT) [4]. WAT is distributed in subcutaneous
and peri-visceral regions and is mainly responsible for energy storage. BAT, containing
abundant mitochondria in adipocytes, contributes to non-shivering thermogenesis, which
can burn up to 20% of daily energy intake per 50 g of BAT. Recently, several studies have
focused on BAT and its anti-obesity effect [5].

In the pathology of obesity-related complications, in the islets of patients with type
2 diabetes mellitus, amyloid deposition is a critical feature associated with loss of β cell
mass [6]. Non-alcoholic steatohepatitis, in its aggressive necro-inflammatory form, may
accumulate fibrosis, resulting in cirrhosis and end-stage liver disease [2]. Although most
patients with obesity-related glomerulopathy have stable or slowly progressive proteinuria,
up to one-third develop progressive renal failure and end-stage renal disease [7]. Recently,
dysfunction of adipose tissue has been widely noted to be associated with hyperglycemia,
dyslipidemia, and macrophage infiltration in peri-visceral fat [8–10]. Meanwhile, hypoxia
and fibrosis of adipose tissue, abundant collagen, and extracellular matrix deposits con-
tributing to inflammation and the infiltration of macrophages are regarded as important
pathogenic mechanisms [11,12]. However, the exact pathophysiology of major organs with
regard to adipose tissue fibrosis remains unclear.

Urokinase plasminogen activator (uPA), well known as a fibrinolytic protein, binds
to its receptor (uPAR) and activates plasminogen, converting it to plasmin in the fibri-
nolytic process of thrombosis in the extracellular matrix. Apart from its functions in the
fibrinolytic cascade, uPA is a pluripotent protease participating in activating the innate
immune response, which regulates immune cell migration, recruitment, and lymphocytes
proliferation [13,14]. Kawao et al. found uPA to play an important role in the activation of
macrophage phagocytosis during liver repair [15]. In our previous study, we found uPAR
to be related to various forms of kidney disease and its soluble form to be associated with
the glomerular filtration rate and the amount of proteinuria present [16]. To date, the role
of uPA in major organs during the development of obesity and adipose tissue dysfunction
remains unknown.

It is essential to clarify the role of uPA in the causation of obesity-related complications.
In the present study, we investigated uPA expression in WAT, BAT and major organs during
the progression of obesity.

2. Results

2.1. The Different Presentations of Obesity and Metabolic Profiles in C57BL/6J and BALB/c Mice
on HFD

In Table 1, we summarize the general characteristics of C57BL/6J and BALB/c mice in
both groups. In the HFD group of C57BL/6J mice, body weight (BW) and total cholesterol
(TC) increased over 8 weeks (W8). As time progressed, by 16 weeks (W16), levels of
triglyceride (TG), and homeostasis model assessment–insulin resistance (HOMA-IR) were
significantly elevated in the HFD group of C57BL/6J mice. The fractional excretion of
sodium (FENa) was slightly decreased in the HFD group of C57BL/6J mice. Accordingly,
the C57BL/6J HFD mice were prone to obesity, insulin resistance, glomerular hypofiltration,
and dyslipidemia on a HFD. On the other hand, initially in BALB/c mice, metabolic profiles
of the chow diet (CD) group and the HFD group did not differ significantly. However,
by W16, BW, blood glucose (BG), TG, and HOMA-IR significantly increased, but FENa
decreased in the HFD group of BALB/c mice. In addition, the presentation of renal function
in BALB/c mice were assessed. The blood urea nitrogen (BUN) levels showed no signifi-
cant difference in CD and HFD BALB/c mice (58.7 ± 14.1 ng/mL vs. 69.6 ± 7.7 ng/mL;
p = 0.166). The proteinuria (urine protein/urine creatinine ratio) significantly increased in
HFD BALB/c mice at W8 (1.98 ± 0.96; 3.93 ± 2.59; p = 0.038). However, the significant
increase in proteinuria was not found by W16. BALB/c HFD mice were prone to obesity,
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insulin resistance, hyperglycemia, glomerular hypofiltraion and dyslipidemia. In our
findings, the dysmetabolic phenotypes of obese mice induced by a HFD differed according
to the strain.

Table 1. Relationship between glomerular hyperfiltration and metabolic status in C57BL/6J and BALB/c mice fed a chow
diet (CD) or high fat diet (HFD) at 8 weeks (W8) and 16 weeks (W16). (n = 5, in each group).

C57BL/6J BALB/c

W8 W16 W8 W16

CD HFD CD HFD CD HFD CD HFD

Body weight (g) 25.80 ± 0.94 29.46 ± 1.32 *** 27.04 ± 2.14 39.1 ± 1.86 *** 29.26 ± 2.05 30.22 ± 1.23 30.04 ± 3.30 33.95 ± 2.73 *
BG (mmol/L) 6.97 ± 1.22 9.24 ± 3.21 7.43 ± 0.90 9.50 ± 3.96 5.08 ± 1.00 6.36 ± 2.23 5.40 ± 1.25 6.96 ± 1.73 *
TC (mmol/L) 2.60 ± 0.03 3.12 ± 0.35 * 2.59 ± 0.01 3.68 ± 0.58 * 4.94 ± 0.44 4.92 ± 0.81 3.42 ± 0.06 4.24 ± 1.36
TG (mmol/L) 1.11 ± 0.26 1.19 ± 0.09 1.07 ± 0.19 1.34 ± 0.13 * 1.06 ± 0.09 1.07 ± 0.14 0.85 ± 0.11 0.71 ± 0.08 *

HOMA-IR 2.58 ± 1.00 5.42 ± 2.88 2.96 ± 1.03 8.05 ± 1.61 *** 1.80 ± 1.06 5.16 ± 3.75 1.76 ± 1.11 9.21 ± 5.92 *
HOMA-ß 26.42 ± 3.09 23.27 ± 6.06 41.30 ± 17.45 34.71 ± 18.95 258.4 ± 151.1 618.4 ± 502.5 366.8 ± 458.9 122.4 ± 64.8

FENa 1.00 ± 0.76 0.69 ± 0.48 1.08 ± 0.70 0.33 ± 0.24 ** 0.81 ± 0.78 0.84 ± 0.83 1.14 ± 0.54 0.53 ± 0.37 *
uPA (μg/mL) 0.87 ± 0.35 2.56 ± 0.65 * 1.24 ± 0.55 1.92 ± 0.19 1.88 ± 0.48 3.34 ± 0.84 * 1.31 ± 0.37 2.52 ± 0.95

suPAR (ng/mL) 3.26 ± 0.19 3.43 ± 0.36 2.56 ± 0.74 2.27 ± 0.53 1.67 ± 0.60 2.22 ± 0.66 1.64 ± 0.56 3.09 ± 1.23
PAI-1 (ng/mL) 4.95 ± 0.77 4.06 ± 0.45 3.86 ± 0.58 7.76 ± 1.01 28.80 ± 2.03 36.22 ± 4.39 * 22.54 ± 2.12 56.16 ± 4.60 ***

Adiponectin 7.92 ± 0.43 9.06 ± 0.68 8.86 ± 0.45 6.98 ± 0.45 * 9.12 ± 0.38 6.96 ± 0.13 ** 8.87 ± 0.45 8.31 ± 0.19

Data shown as mean ± SD; BG: blood glucose, TC: Total cholesterol, TG: Triglyceride, HOMA-IR: homeostatic model assessment–insulin
resistance, HOMA-ß: homeostatic model assessment-ß, FENa: functional excretion of sodium; * p < 0.05, ** p < 0.01, *** p < 0.001, compared
with the CD group.

2.2. Circulating uPA, Soluble uPAR (suPAR) and Plasminogen Activator Inhibitor-1 (PAI-1)
Levels and Adiponectin in C57BL/6J and BALB/c Obese Mice

Table 1 also shows the serum uPA, suPAR, PAI-1 and adiponectin levels in C57BL/6J
and BALB/c mice on a CD or a HFD. The uPA levels in the HFD group of both strains
of mice were significantly increased at W8. However, at W16, the uPA levels of the CD
and HFD groups in both strains of mice did not differ significantly. On the other hand,
the suPAR levels were similar between the CD and HFD groups in both strains of mice at
both W8 and W16. The PAI-1 levels in BALB/c mice were obviously higher than those
in C57BL/6J mice. However, the PAI-1 levels significantly increased in BALB/c mice
with HFD at both W8 and W16. Similar changes were not found in C57BL/6J mice. The
adiponectin levels showed a significant decrease in the HFD W16 group in C57BL/6J mice
and in the HFD W8 group in BALB/c mice in comparison to related CD groups.

2.3. uPA Expression on Subcutaneous White Adipose Tissue (sWAT), Visceral White Adipose
Tissue (vWAT), BAT, Liver, Kidney, and Pancreas in C57BL/6J and BALB/c Obese Mice

Figures 1 and 2 show the expression of uPA in various adipose tissues, the liver, the
kidney, and the islets in C57BL/6J and BALB/c obese mice. In gross appearance, the size
of fat droplets in sWAT, vWAT, BAT and the liver in the HFD group were larger than those
in the CD groups in both strains of mice. In addition, the histology of the kidney showed
no obvious change (Supplementary Materials Figure S1). The collagen IV expression of the
liver mildly increased in HFD groups at W16 in both strains of mice (Figure S1). According
to the findings of the immunohistochemistry (IHC) stain and Western blot (WB) for uPA,
uPA expression in the liver, kidney, islet, sWAT and vWAT did not differ significantly
between CD and HFD groups in either strain of mice. The uPA expression in the islet is
mainly on β cells (Figure S2). In the kidney, the majority of uPA expression is on the tubular
region. The uPA expression on the renal glomerular region is weak. However, the uPA
expression in the kidney showed no prominent difference between CD and HFD groups
in both strains of mice. Interestingly, we found a significant decline in uPA expression in
BAT by IHC stain and WB early at W8, which persisted at W16 in the HFD groups in both
strains of mice.
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Figure 1. The (A) immunohistochemical stain and (B) Western blot for uPA expression on subcutaneous white adipose
tissue (sWAT), visceral white adipose tissue (vWAT) and brown adipose tissue (BAT) in C57BL/6J and BALB/c mice (n = 5,
in each group). The uPA expression in sWAT and vWAT of CD and HFD groups did not differ significantly, but there was a
significant decline in the BAT in the HFD group. All figures of IHC stain: 400×.

Figure 2. The (A) immunohistochemical stain and (B) Western blot for uPA expression on liver, kidney and islet tissue in
C57BL/6J and BALB/c mice (n = 5, in each group). In the CD and HFD groups in both strains of mice, the uPA expression
in the liver, kidney, and islet did not differ significantly. All figures of IHC stain: 400×.
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3. Discussion

In the present study, in different strains of HFD mice, we found different presentations
of dysmetabolic profiles. Serum uPA levels initially increased and then declined with time
in both C57BL/6J and BALB/c mice fed a HFD. In both C57BL/6J and BALB/c mice, the
expression of uPA in BAT significantly declined after feeding a HFD. However, with a CD
and a HFD, uPA expression was similar in the liver, kidney and WAT in both strains of
mice. In HFD mice, uPAR expression in BAT and WAT showed no significant change.

C57BL/6J and BALB/c mice are commonly used for studies of mouse strains on
immunoregulation in various disease models. As C57BL/6J mice preferentially develop
the Th1 immune response and BALB/c mice, Th2-type cytokine polarization, they are
regarded as prototypic Th1- and Th2-type mouse strains, respectively [17,18]. In addition
to their distinct T-cell responses, macrophages from these two mouse strains exert different
reactions in response to various stimuli [19]. Recent evidence indicates that the balance
between the M1/M2 macrophages and the Th1/Th2 lymphocytes is of critical importance
for the outcome of many diseases, including obesity-related metabolic disorders [20].
Jovicic et al. explored liver steatosis and immune cells in C57BL/6J and BALB/c mice
fed a HFD for 24 weeks and found different immune–metabolic profiles between the two
strains of mice [21]. C57BL/6J mice fed with a HFD were prone to obesity, hyperglycemia,
increasing visceral adipose tissue, liver inflammation, and fibrosis. BALB/c mice fed
with a HFD were susceptible to liver steatosis. Our findings do not contradict those of
the empirical studies discussed above. BW significantly increased and FENa decreased
in C57BL/6J on a HFD, which may imply that HFD-induced obesity, dyslipidemia and
glomerular hypofiltration easily develop in Th1-prone mice. Contrastingly, in BALB/c
mice fed a HFD, the increment in BG, TG and HOMA-IR significantly increased, and
FENa decreased, which may imply that HFD-induced hyperglycemia, hypertriglycemia,
insulin resistance and glomerular hypofiltration may be easily found on Th2-prone mice.
In addition, adiponectin levels significantly decreased at W8 in HFD BALB/c mice, but not
until W16 in HFD C57BL/6J mice. Adiponectin, one of the anti-inflammatory adipokines,
decreases in inflammatory status. According to our results, it is suggested that HFD-related
pro-inflammation may be found in the early phase of obesity in Th2-prone mice and in the
late phase of obesity in Th1-prone mice.

The uPA is secreted from various cells and contributes to the degradation of the ex-
tracellular matrix and cellular remodeling and repair. Circulating uPA is predominantly
excreted from hemopoietic cells and is responsible for the cascade activation of the fibri-
nolytic process and immune modulation [22]. The relationship between the uPA/uPAR
system and atherosclerosis has been researched extensively. Some studies indicate high
circulating uPA levels as possibly being involved in the migration of foamy cells or the
stability of atheroma [23–25]. Our results indicate a significant increase in uPA in the early
phase of obesity in both strains of mice. It was speculated that an increase in uPA may
be a passive response to the accumulation of the extracellular matrix around endothelial
cells and the modulation of fibrinogenesis and fibrinolysis. However, in our study, the
increment in circulating uPA levels decreased in the late phase of obesity. It was presumed
that some subsequent obesity-related inflammatory cytokines, such as PAI-1, might have
inhibited the circulating uPA. Moreover, Zhou et al. investigated the change in circulating
uPA in patients with chronic hepatitis B. The uPA levels increased in the acute phase
but decreased in the late phase of hepatitis [26]. The findings are similar to the results
of our HFD mice. They also highlighted the association between inflammation and uPA
change. However, the real mechanism of uPA level change needs further study. Although
some studies showed PAI-1 to be associated with adipocyte differentiation and regulating
recruitment of inflammatory cells within adipose tissue [27], we found that serum PAI-1
levels of CD and HFD mice did not differ significantly in C57BL/6J mice. However, the
PAI-1 levels significantly increased in HFD BLAB/c mice. In our previous studies of clinical
investigation, PAI-1 was found to be positively related to the BMI percentile in boys and to
body fat in girls [28]. The majority of studies explored PAI-1 expression in different tissues
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with an obese model. Morange et al. found that serum PAI-1 increased in obese mice fed a
HFD for 17 weeks [29] which was similar to our BALB/c mice. Presumably, because the
time frame over which we induced obesity in our C57BL/6J HFD mice was relatively short,
the change in PAI-1 might not have had time to manifest in our C57BL/6J obese mice. In
addition, PAI-1 is an inhibitor of plasminogen activator. PAI-1 levels non-significantly in-
creased at W16 in HFD C57BL/6J mice and significantly increased at W16 in HFD BALB/c
mice, which may also explain the decreasing uPA levels in both strains of mice at W16.

During the course of obesity development, WAT mass and the cellular size of adipocytes
expand rapidly in the body. The rapid growth impedes the prompt delivery of sufficient
oxygen to WAT from circulation, resulting in WAT dysfunction [30]. Consequently, several
cytokines released from adipocytes induce systemic pro-inflammation and WAT fibro-
sis [9,12]. On the other hand, enlarged intracellular fat droplets and the reduced number
of mitochondria in brown adipocytes have been noted during the process of obesity [31].
Obesity-related molecules involved in pro-inflammation and extracellular matrix turnover
deteriorate BAT function [32]. Fibrotic BAT may exacerbate the development of obesity.
We found decreasing expression of uPA in the BAT of obese mice in both strains. It was
assumed that the decline in uPA expression in the BAT may contribute to adipocyte fibrosis
and dysfunction, in turn leading to obesity-related complications. Spencer et al. also found
increased collagen V expression in adipose tissue in obese subjects and presumed the
extracellular matrix to be associated with insulin resistance [33]. However, an insufficiency
of uPA in BAT would impair the necessary degradation of the extracellular matrix, resulting
in the compromised migration and remodeling of brown adipocytes. Although we did not
detect histologic fibrosis of BAT in our mice, other studies had similar findings. Alcalá et al.
investigated mice fed with a HFD for 20 weeks, during which they developed obesity and
mild hyperglycemia [34]. The pathology of BAT in HFD mice showed cellular hypertrophy
and no obvious fibrotic change. However, they found inflammation, oxidative stress, and
some anti-oxidative enzyme activity reflectively increased in BAT in HFD mice. In addition,
Trayhurn et al. found an increase in some markers related to fibrosis during deoxygenation
following BAT expansion in obesity [30]. Consequently, uPA may have responded before
the formation of histologic fibrosis in the BAT. However, further research into the cause of
uPA decline in BAT on a HFD is necessary.

There are some limitations to our study. First, several factors may have influenced
the activation of BAT, including cold temperatures and adrenergic stimulation [35]. Our
mice were caged at room temperature during the whole period of the experiment so that
we did not observe changes in uPA expression in the BAT in cold temperatures. Second,
the real mechanism of decreasing uPA expression on BAT, not WAT, on a HFD remains
unknown. We presume that lipotoxicity in brown adipocytes may be one possible factor.
Further study of the cellular model is needed to explore the exact pathway. Third, our
numbers of mice were only five per group. The statistic power of serum biochemistries
in each group of mice may not be enough. However, the trends of metabolic parameters
between CD and HFD groups in different strands of mice may be informative. Fourth,
we did not have the data of baseline biochemistries in each group of mice for assessing
the change in each variable. However, there were two points of time in each group for
evaluating the difference during the treating interval. In addition, we did not explore
the change in various organs after obesity. The hypertrophy of an organ after obesity
may be associated with uPA expression. However, our research is the first to explore the
relationships between uPA changes and adipose tissue in obesity. We used strains of mice
with different immune-prone characteristics to arrive at our circulating and histologic
findings. Whether changes in uPA in the BAT induced BAT dysfunction in obesity or
the two phenomena develop simultaneously is a worthy subject for advanced studies in
the future.
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4. Materials and Methods

4.1. Induced Obese Mouse Model

The male wild-type C57BL/6J and BALB/c mice, obtained from the Laboratory
Animal Center (National Taiwan University College of Medicine, Taipei, Taiwan), Taiwan,
were housed in laboratory cages and, from the age of 5 weeks, fed a normal CD in the
CD group and a HFD (40% fat) in the HFD group, respectively. We measured BW and
BG weekly. These mice were euthanized at W8 or W16 after feeding with a CD or HFD.
Blood samples were collected before euthanasia. The sWAT from inguinal WAT, and vWAT
from the WAT of the epididymis were harvested. The BAT from the posterior neck region,
liver, kidney, and pancreatic tissues were harvested from the mice after euthanasia. The
Institutional Animal Care and Use Committee at National Defense Medical Center, Taipei,
Taiwan approved the experimental animal protocol (Approval No: IACUC-13-199).

4.2. Measurement of uPA, suPAR, PAI-1 and Metabolic Biochemistry

After collecting blood, we separated plasma and serum by centrifugation and stored
them at −80 ◦C prior to analysis. The uPA was measured by using the Mouse uPA Total
Antigen Assay enzyme-linked immunosorbent assay (ELISA) kit (Molecular Innovations,
Novi, MI, USA), with the intra- and inter-assay coefficients of variation being 6.18% and
7.47%, respectively. The soluble uPAR were measured by using the Mouse uPAR DuoSet
ELISA kit (DY531, R&D system, Minneapolis, MN, USA). The mean coefficient of variation
in these assays was 5%. Murine PAI-1 was measured by using the PAI-1 Total Mouse ELISA
kit (ab157529, Abcam, Cambridge, MA, USA) with the intra- and inter-assay coefficients
of variation being 7.9% and 12.9%, respectively. Total cholesterol, TG, serum and urine
sodium, and creatinine were analyzed by spectrophotometry (Fuji Dri-Chem 3000, Fuji
Film, Kanagawa, Japan). The FENa was applied to evaluate renal filtration and calculated
by the ratio of urine and plasma sodium and creatinine. Serum insulin was measured
using the Mouse Insulin ELISA Kit (Mercodia AB, Uppsala, Sweden) with the intra- and
inter-assay coefficients of variation being 3.4% and 3.6%, respectively. All samples were
assayed in duplicate. HOMA-IR was calculated to assess insulin resistance [36].

4.3. IHC Stain and WB of sWAT, vWAT, BAT, Liver, Kidney, and Islet

The sWAT, vWAT, BAT, liver, kidney and pancreatic tissues were fixed in 10% formalde-
hyde fixative solution and embedded tPBShem in paraffin. The sections of formalin-fixed
tissue were immersed in xylene for 5 min three times and incubated with phosphate-
buffered saline (PBS) and 1% bovine serum albumin (BSA) at room temperature (RT) for
30 min for blocking. After removing paraffin and rehydrating, the slices were incubated
with 1:400 dilution of the primary antibody (anti-uPA antibody (ab28230, Abcam, Cam-
bridge, MA, USA)) in PBS at 4 ◦C overnight. Subsequently, the slices were incubated with
1:50 dilution of the secondary antibody (biotinylated anti-rabbit antibody (Vector Labora-
tories, BA-1300, CA, USA)) for 40 min and washed with Tris-buffered saline containing
0.05% Tween 20 (TBST; pH 7.4). We then treated the sections with VECTASTAIN ABC
(Vector Laboratories, CA, USA) working solution for 30 min. The peroxidase activity was
visualized with 3,3′-diaminobenzidine (DAB) using a DAB substrate kit for peroxidase (BD
Pharmingen™). The slices were observed with an optical photomicroscope.

For WB, equal amounts of protein (30 μg) from each tissue of various whole organs
were separated after homogenization by 8% SDS-PAGE gel, which was electro-blotted onto
a nitrocellulose membrane and incubated for 1 h in blocking buffer (TBST, 2% bovine serum
albumin). It was then washed three times in TBST and incubated with 1:2000 dilutions
of anti-uPA antibody (ab28230, Abcam, Cambridge, MA, USA) or 1:10000 dilutions of
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (ab181602, Abcam,
Cambridge, MA, USA), respectively, in TBST at 4 ◦C overnight. The membranes were
washed blots and incubated in horseradish peroxidase-conjugated goat-anti-rabbit-IgG-
HRP antibody (Cat#3053-S-Ex, EPITOMICS, CA, USA) for 1 h at room temperature. After
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washing the membranes, we detected and incubated the membrane-bound antibody with
a Western blot detection system and captured it on X-ray film.

4.4. Statistical Analysis

The PASW statistics version 18.0 package for Windows (IBM SPSS Statistics) was used
for data analysis. The continuous variables were expressed as mean ± SD. A nonparametric
Mann–Whitney U test was used for comparison of the two groups. All statistical data are
expressed as two-sided, and p values < 0.05 considered to be statistically significant.

5. Conclusions

In summary, HFD-induced obesity presents different dysmetabolic profiles in different
immune responses. Serum uPA increased in the early phase of obesity in our model.
Decreasing uPA expression in the BAT may contribute to BAT dysfunction in obesity.
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Abstract: The extent and duration of occlusive thrombus formation following an arterial atherothrom-
botic plaque disruption may be determined by the effectiveness of endogenous fibrinolysis. The
determinants of endogenous fibrinolysis are the subject of much research, and it is now broadly
accepted that clot composition as well as the environment in which the thrombus was formed play a
significant role. Thrombi with a high platelet content demonstrate significant resistance to fibrinolysis,
and this may be attributable to an augmented ability for thrombin generation and the release of
fibrinolysis inhibitors, resulting in a fibrin-dense, stable thrombus. Additional platelet activators
may augment thrombin generation further, and in the case of coronary stenosis, high shear has been
shown to strengthen the attachment of the thrombus to the vessel wall. Neutrophil extracellular traps
contribute to fibrinolysis resistance. Additionally, platelet-mediated clot retraction, release of Factor
XIII and resultant crosslinking with fibrinolysis inhibitors impart structural stability to the thrombus
against dislodgment by flow. Further work is needed in this rapidly evolving field, and efforts to
mimic the pathophysiological environment in vitro are essential to further elucidate the mechanism
of fibrinolysis resistance and in providing models to assess the effects of pharmacotherapy.

Keywords: fibrinolysis; thrombin; shear; clot retraction; Factor XIII; clot stability; NETs; platelets

1. Introduction

Atherothrombotic events are a considerable cause of morbidity and mortality. Much
focus and treatment thus far has surrounded the inhibition of platelets due to their crucial
role in arterial thrombus formation. However, despite antiplatelet therapy, some patients
remain at risk of recurrent thrombotic events. Optimising risk assessment is essential
to help identify these patients, with the ultimate aim to reduce events. Emerging data
suggest that assessment of endogenous fibrinolysis may help, through identifying patients
with impaired endogenous fibrinolysis who are at markedly increased risk of ischaemic
events [1,2]. Understanding the determinants of endogenous fibrinolysis is, therefore,
paramount, and may highlight new treatment targets (Figure 1).

Interestingly, platelets again seem to be significant modulators of endogenous fib-
rinolysis, and in this review, we will discuss the mechanisms for mediating resistance
to fibrinolysis and the evidence supporting the role of platelets. Areas of discussion will
include the role of thrombin, thrombin generation, high shear-induced platelet activation
and clot stabilisation, clot retraction, Factor XIII and neutrophil extracellular traps (NETs).

Int. J. Mol. Sci. 2021, 22, 5135. https://doi.org/10.3390/ijms22105135 https://www.mdpi.com/journal/ijms19



Int. J. Mol. Sci. 2021, 22, 5135

Figure 1. Illustration demonstrating the determinants of endogenous fibrinolysis. (1) High shear/shear gradient results in
platelet activation and unravelling of vWF, exposing A-domains for platelet and extracellular matrix binding. This further
enhances the affinity of GPIIb/IIIa for fibrinogen. (2) High shear flow contributes to the strength of attachment to the
vessel wall. (3) NETs augment coagulation and inhibit fibrinolysis. (4) Platelet-rich clots augment thrombin generation
and release of inhibitors including TAFI and PAI-1. This results in densely packed, thin fibrin strands, which are resistant
to fibrinolysis. (5) Factor XIIIa-mediated crosslinking of α2-antiplasmin, TAFI and PAI-1 with fibrin inhibits fibrinolysis.
(6) Myosin-mediated clot retraction results in increased fibrin density and reduced clot permeability.

2. Role of Thrombin in Endogenous Fibrinolysis

Thrombin is a serine protease that confers significant resistance to endogenous fibri-
nolysis. It does so through a number of means, which ultimately lead to the formation of a
platelet-rich, stable thrombus. Being a potent platelet activator, it maximises the recruit-
ment and aggregation of platelets, which further enhances thrombin release, generating a
feed-forward loop. The resultant high thrombin concentration facilitates the formation of a
stable clot by cleaving fibrinogen to form insoluble fibrin, which binds platelets together.
In addition, it directly inhibits endogenous fibrinolysis through the activation of thrombin
activatable fibrinolysis inhibitor (TAFI), which binds and lyses carboxy-terminal lysine
residues on fibrin. This prevents the binding and activation of plasminogen to plasmin,
which cleaves fibrin into fibrin degradation products [3]. It additionally indirectly inhibits
endogenous fibrinolysis through the release of plasminogen activator inhibitor-1 (PAI-1)
from platelets, which is a potent inhibitor of tissue-plasminogen activator (t-PA) [4]. The
release is activated through intracellular signalling initiated by the g-protein-coupled
protease-activated receptor (PAR) [5]. There are two functionally active thrombin receptors
found on human platelets, namely PAR-1 and PAR-4 [6,7]. PAR-1 contains a hirudin-like
domain possessing a high affinity for thrombin [8], unlike PAR-4, and therefore results
in activation at lower concentrations [7]. The activation of these receptors results in the
release of the contents of the α-granules of platelets [4], which is responsible for >90% of
the circulating PAI-1 detectable during acute arterial thrombosis [9,10].

In addition to this, a number of studies have assessed the relationship between throm-
bin concentration and fibrin fibre thickness and density [11]. In the presence of a high
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thrombin concentration, arterial thrombi exhibit thin, densely packed fibrin strands, whilst
the converse is seen at lower thrombin concentrations [11–15]. Such structural changes di-
rectly impact the resistance of the thrombus endogenous fibrinolysis, as the tiny pores and
thin strands impair plasminogen entry and binding with the thrombus, as recently demon-
strated in a study of ST-segment elevation myocardial infarction (STEMI) patients using the
Global Thrombosis Test and electron microscopy [16]. In this study, impaired endogenous
fibrinolysis, assessed in whole blood using a point-of-care technique, showed a correlation
with certain structural characteristics of thrombi on electron microscopy, namely reduced
fibrin fibre thickness in both the core and periphery of the thrombus and a more densely
packed fibrin meshwork, compared to patients with effective endogenous fibrinolysis.

In addition, since the platelet surface plays a central role in the promotion and regula-
tion of thrombin generation, as demonstrated by insignificant generation of thrombin in
platelet-poor plasma and a positive correlation observed between platelet number and the
extent of thrombin generation [17], platelets are arguably one of the major determinants of
endogenous fibrinolysis. This partially explains the difference in resistance to fibrinolysis
between arterial (platelet-rich) and venous (erythrocyte-rich) thrombi [18]. Furthermore,
the incorporation of red blood cells leads to areas of reduced fibrin fibre density [19].

Understanding the roles of thrombin and platelets is, therefore, key to understanding
the determinants of endogenous fibrinolysis.

3. Thrombin Generation

After early studies demonstrated the key role of platelets in thrombin generation, sub-
sequent efforts have focused on elucidating the mechanism. Reports of increased exposure
of phosphatidylserine from 2% to 12% in an almost on/off phenomenon upon platelet
activation [20], and the association seen between the amount of phosphatidylserine on the
platelet surface and the extent of thrombin generation [21] indicate that phosphatidylserine
is a determinant of thrombin generation. However, the augmentation in thrombin gen-
eration is not exclusively related to phosphatidylserine, as it does not replicate the full
procoagulant potential of platelets [22]; furthermore, phosphatidylserine has been found
on endothelial cells, which are not prothrombotic [23].

More complex platelet interactions and morphological changes are additionally in-
volved, including platelet degranulation with the release of α-granules, platelet ballooning
and protein binding. Platelet degranulation in response to thrombin results in the release of
coagulation factors, including Factor V, which are activated on the platelet surface [24]. This
procoagulant surface is further enhanced as a result of platelet ballooning [25], facilitating
greater coagulation factor binding, activation, and assembly of complexes, all amplifying
thrombin generation [26]. For those coagulation factors which possess a y-glutamyl car-
boxyl acid (GIa) domain, (prothrombin, Factor VII, Factor IX and Factor X), PS shows a
high affinity [27], whilst other factors such as FVIII are brought close to the platelet surface
for thrombin-driven activation through von Willebrand Factor (vWF) binding with the
glycoprotein (GP) Ib-IX-V complex [28].

Complexes formed on the platelet surface ultimately increase thrombin generation.
This includes the tenase complex, consisting of Factor VIIIa and Factor IXa, which activates
Factor X, and the prothrombinase complex made up of Factor Va and Factor Xa, which
activates prothrombin [29,30]. Furthermore, in phosphatidylserine-exposed platelets, the
above complexes are co-localised, which amplifies their activity 1000-fold [31].

The binding of ligands to platelet glycoproteins further enhances thrombin generation,
which is exemplified by GPIIb/IIIa. Upon platelet activation, the affinity of this glyco-
protein for fibrinogen increases [32], eventually resulting in a stable thrombus; however,
upon binding, outside-in signalling results in further platelet PS exposure and thrombin
generation. This, too, is significant, as blocking this receptor with a monoclonal antibody
(abciximab) reduces thrombin generation by 40–70% [33–36].

Clearly, many complex interactions take place; however, the above description may
still be an oversimplification. It is now generally accepted that platelet activation and
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coagulation are not separate processes, and both interplay to generate a stable thrombus
by maximising thrombin generation.

4. Synergistic Effects of Shear Stress on Platelet Activation

Atherosclerotic plaque rupture, and the resultant exposure of prothrombotic material,
including collagen and tissue factor, was previously thought to be the main mechanism
behind platelet adhesion, activation and eventual thrombus formation in atherothrombotic
events, including myocardial infarction (MI) and stroke. The mechanism behind this
includes the binding of GPVI and integrin α2β1 on the platelet surface to collagen [37,38],
resulting in intracellular signalling and platelet activation. As discussed above, this leads to
a morphological change in platelets and degranulation, including the release of adenosine
diphosphate [39]. This is a potent platelet activator and, through paracrine effects, leads to
significant platelet recruitment. It is unsurprising, therefore, that antagonising the P2Y12
receptor is the standard of care for patients with ischaemic stroke and MI (in addition
to aspirin).

Plaque erosion is another cause of plaque disruption, which has been shown to
account for one-third of acute coronary syndromes [40]. The pathophysiological process
differs significantly from that of plaque rupture, and as a result, thrombus content and
fibrinolysis potential may differ. Desquamation secondary to degradation of the basement
membrane by matrix metalloproteinases [40], and/or apoptosis of the endothelial cells
by potent oxidant species produced by myeloperoxidase [41] or shear stress [42], have
been proposed. Histological studies have confirmed differences in clot composition, with
those formed secondary to plaque erosion being more platelet-rich [43]. This could be
attributable to a burst of tissue factor expression by endothelial cells in response to potent
reactive oxygen species produced by myeloperoxidase [41], and also by the migration and
recruitment of neutrophils secondary to the release of chemokines and endothelial cell
injury, with resultant neutrophil extracellular trap (NET) formation [44]. NETs have the
ability to acquire tissue factor, platelets and fibrin, facilitating the formation of a platelet-rich
thrombus [45,46].

Another important mechanism of arterial thrombosis is shear-induced platelet acti-
vation. At low shear levels, vWF circulates as a large multimer [47]. In this conformation,
its A-domains, which are required for binding to the platelet and extracellular matrix, are
concealed. However, high shear leads to unravelling/uncoiling of vWF [48]; in fact, in the
presence of a shear gradient, such as that seen at sites of coronary stenosis, this unravelling
occurs with greater efficiency as the proximal and distal ends of the multimer experience
differing pulling forces, resulting in unravelling at lower shear [49]. Furthermore, in the
presence of an atherosclerotic plaque rupture and growing thrombus, shear forces and
gradients will increase further, leading to further unravelling, thus initiating a cycle.

This unravelling and elongation exposes the A1 domain, which binds to the platelet
GPIbα receptor, leading to platelet adhesion and subsequent aggregation [50,51]. This
occurs in addition to the aggregation driven by the binding of fibrinogen to GPIIb/IIIa,
with the two processes therefore working in synergy to form a stable thrombus. In fact,
recent evidence suggests that the binding of GPIbα with vWF increases the affinity of
GPIIb/IIIa for fibrinogen [52]; thus, it enhances platelet aggregation.

The role of platelet activation under high shear flow conditions, causing platelet
aggregation and being a determinant of fibrinolysis, is supported by recent data from
the RISK-PPCI study, in which endogenous fibrinolysis was assessed using the Global
Thrombosis Test in patients presenting with STEMI [1]. In these patients, time to form
an occlusive thrombus under high shear conditions in vitro correlated inversely with the
effectiveness of endogenous fibrinolysis, implying that shear-activated platelets contribute
to impaired endogenous fibrinolysis.

This is very relevant, as current pharmacotherapy for patients with arterial thrombosis
is directed mainly at antagonising the P2Y12 receptor and inhibiting cyclo-oxygenase,
which have no effect on this shear-driven, vWF-dependent pathway of platelet aggregation
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and activation. Furthermore, inhibition of the P2Y12 receptor has not been shown to affect
endogenous fibrinolysis [53].

Additionally, this shear-driven mechanism for aggregation is not dependent upon
plaque rupture, and so patients with significant stenoses are at risk of both thrombus
formation and impaired endogenous fibrinolysis. Furthermore, this risk may be dependent
on the degree of stenosis and plaque burden. With increasing luminal narrowing, the
shear gradient increases, resulting in increasing platelet activation at the apex of the lesion.
Studies have demonstrated platelet activation [54], including microparticle formation in
response to shear [55], and increased activation secondary to platelet hammering (exposure
to repeated hyper-shear) [56]. Additionally, increased phosphatidylserine externalisation
and procoagulant activity, including thrombin generation, have been observed at high
shear rates [57], which appear to be dependent upon the binding of vWF and the GPIbα
platelet receptor [58,59]. This receptor has a mechanosensitive domain, which unfolds when
bound to the A1 domain of vWF, leading to intracellular signalling [60] and intermediary
activation of other integrins, increasing their affinity for ligand and facilitation of outside-
in signalling [60]. Furthermore, since GPIbα can also bind soluble vWF [61], and since
platelets remain sensitised after exposure to high shear [62], hyper-aggregation can be seen
downstream from the site of maximal luminal stenosis [63], where deceleration and low
shear favour thrombus formation.

Studies aiming to block this high shear-driven platelet aggregation using monoclonal
antibodies to the A1 domain of vWF have shown reduced thrombin generation, adhesion
and aggregation [64]. Furthermore, they have shown reduced bleeding times when com-
pared with abciximab [65], highlighting specificity for shear-driven activation and therefore
allowing aggregation of platelets at low shear with fibrinogen and GPIIb/IIIa. However,
whether this formally affects endogenous fibrinolysis is unclear.

5. Clot Retraction

Clot retraction is a physiological mechanism to aid healing during haemostasis.
Through the expulsion of serum, which has been depleted of clotting factors, the volume
of the clot reduces, leading to the coming-together of wound edges [66]. It therefore has
favourable effects in physiology and is platelet-mediated. After the binding of fibrinogen
to the GPIIb/IIIa receptor, phosphorylation of the receptor leads to outside-in signalling,
resulting in myosin binding [67] and co-localisation of the ANK domain containing Bcl-3
with the cytoskeleton, which is tyrosine kinase dependent [68].

Thus, when contractile forces are generated by myosin [69], this leads to clot retraction
through its connection with the GPIIb/IIIa receptor and fibrin(ogen), which is crosslinked
with other fibrin strands and platelets [70]. Therefore, the greater the platelet number and
fibrin crosslinking are, the greater the force and effects of clot retraction are. This has the
overall effect of increasing fibrin density and reducing clot permeability [71], which, as
mentioned above, affects fibrinolysis. Thin, densely packed fibrin strands are resistant to
fibrinolysis, and reduced permeability and pore size impairs the entry of plasminogen and
t-PA [72].

This effect on fibrinolysis has been shown both in vitro and in vivo. In a mouse
model of thrombus generation through mesenteric vein injury and thrombin injection, clot
retraction was seen to occur over a period of 3 h, which was inhibited by blebbistatin, a
potent myosin IIa inhibitor [69]. Furthermore, when recombinant t-PA was infused over
the thrombi, the lysis of unretracted thrombi was far greater than that of retracted thrombi;
in fact, a relationship was seen between the degree of lysis and clot retraction. However,
what was unexpected was the potential role of early limited endogenous fibrinolysis in clot
retraction. When t-PA was infused early following clot formation, fibrinolysis was seen with
a reduction in both thrombus volume and fibrin. However, after 30 min, thrombus volume
reduced, with no effect on fibrin. Furthermore, pre-treatment of mice with tranexamic
acid, an inhibitor of fibrinolysis, led to impairment of early clot retraction. This effect was
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confirmed in vitro, where low concentrations of t-PA, in fact, facilitated clot retraction;
however, at higher doses, lysis was observed.

These findings have been replicated somewhat using human blood in vitro [73]. Re-
tracted clots were found to be resistant to external fibrinolysis; however, this was not the
case for endogenous fibrinolysis. For retracted clots that had been bathed in t-PA prior
to their formation with thrombin, the rate of endogenous fibrinolysis was higher when
compared with clots that had been prepared in a similar manner but with the addition of
inhibitors of retraction.

Clearly a link exists between platelet-mediated clot retraction and endogenous fibrinolysis.

6. Factor XIIIa

Factor XIII is a coagulation factor that has many functions, primarily directed at
promoting clot stability. Its timely release from activated platelets with fibrinogen, pro-
thrombin, Factor V and Factor VIII (Table 1), all required during the later stages of clot
formation, ensures its abundance when required to stabilise the formed thrombus. It can
also be found in plasma complexed with fibrinogen, where it is activated by thrombin.

Table 1. Site of synthesis and main source of major pro- and anti-fibrinolytic proteins discussed within this review.

Protein Origin Major Source

Factor XIII Cellular (megakaryocytes, platelets, monocytes, osteoblasts)
Plasma Platelets

Factor V Liver, platelets and plasma Liver

Factor X Liver and plasma Liver

Factor VIII Liver, endothelial cells and plasma Liver

Prothrombin Liver and plasma Liver

Plasminogen activator inhibitor (PAI) Endothelial cells, liver, adipose tissue, plasma and platelets Platelets

Tissue plasminogen activator (t-PA) Endothelial cells, mesothelial cells, megakaryocytes and plasma Endothelial cells

Fibrinogen Liver, plasma (predominantly), platelets, lymph and interstitial fluid Liver

α2-antiplasmin Liver and plasma Liver

One of its many stabilising effects includes the crosslinking of fibrin [74], which is
particularly important in environments of high shear [75]. Furthermore, through promoting
coupling with protofibrils, deformation at low shear is prevented through stiffening [76].
Coupling also has the effect of reducing the size of the pores and impairing the entry and
diffusion of fibrinolytic enzymes, including t-PA, into the clot [77].

Factor XIIIa also facilitates the crosslinking of α2-antiplasmin [78], TAFI and PAI-1
with fibrin. Crosslinked α2-antiplasmin prevents adsorption of plasminogen with fibrin,
preventing its activation and lysis of fibrin. Furthermore, in plasma, it binds and inhibits
plasmin. Therefore, it has a central role in inhibiting endogenous fibrinolysis.

However, in vivo studies representing its effects on endogenous fibrinolysis are lim-
ited. Reed et al. undertook a study involving anaesthetised ferrets with pulmonary em-
bolism and found significantly enhanced endogenous fibrinolysis activity in ferrets treated
with a Factor XIIIa inhibitor [79]. Furthermore, total Factor XIIIa inhibition resulted in
greater endogenous fibrinolytic activity compared with only α2-antiplasmin-inhibited
crosslinking, suggesting that Factor XIIIa-mediated fibrin crosslinking also plays a major
role in endogenous fibrinolysis.

In vitro human studies are greater in number and confirm the role of Factor XIII in
fibrinolysis. In a study by Jansen et al., t-PA was added to fresh human whole blood prior
to clot formation with the addition of thrombin [80]. Fibrinolysis was greater in the samples
that had antibody-inhibited Factor XIIIa activity. These findings were reproduced in a study
using plasma clots and a Chandler loop [81]. Interestingly, they both also concluded that
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the majority of the inhibitory effect of Factor XIIIa on fibrinolysis was mediated through
α2-antiplasmin.

7. Activated Neutrophils and NETs

Neutrophil extracellular traps (NETs) are web-like structures composed of DNA
and histones [82]. They are released by activated neutrophils, in addition to elastases,
and have a significant effect on coagulation. Histones specifically activate platelets [83],
inhibit activated protein C-mediated inhibition of coagulation [84] and support thrombin
activation [85]. DNA can activate Factor XII and initiate coagulation [86], whilst elastases
can break down inhibitors of coagulation [87].

There is now evolving evidence that further highlights the effect of NETs on fibrinoly-
sis. One group reported on the effects of histone–DNA complexes, which resulted in the
formation of thrombi with reduced permeability, in both fibrin [88] and plasma clots [89],
and prolongation of t-PA-mediated fibrinolysis. This effect was reproduced when activated
neutrophils themselves were added to plasma (with confirmation of NET formation using
electron microscopy) and reversed with the addition of DNAse, implicating a contributory
role for DNA (in NETs) in inhibiting fibrinolysis. Further evidence suggests that elastases
bound to DNA in NETs are responsible for plasminogen degradation, and this may be one
mechanism behind fibrinolysis resistance [90].

Further human data are limited to ex vivo and in vitro studies. A histological analysis
of clots retrieved from 108 patients undergoing endovascular therapy for acute ischaemic
stroke confirmed the presence of NETs, which correlated with procedure time [91]. When
the retrieved clots were then treated with t-PA, the administration of DNAse hastened lysis
time. In 126 patients treated in hospital for pulmonary embolism, raised lactate levels were
associated with a 29% higher neutrophil count, 45% higher plasma citrullinated histone H3
level, reduced plasma fibrin clot permeability and longer clot lysis time [92]. Furthermore,
lactate positively correlated with plasma citrullinated histone H3 concentration, plasma
clot lysis time and PAI-1 level.

Thus, NETs confer resistance to endogenous fibrinolysis. The mechanism may be mul-
tifactorial and includes the protection of thrombin from degradation (and resultant dense
fibrin clot formation) and the promotion of plasminogen breakdown by bound elastases.

8. Clot Stability

Clot stability refers to the ability of a thrombus to resist fibrinolysis and dislodgement
from the vessel wall by flowing blood. The former has been discussed extensively within
this review, but the mechanisms determining the strength of attachment to the vessel
wall have not been addressed. The latter appears to be mediated through shear stress.
With increasing wall shear, an increasing number of platelets are recruited to the growing
thrombus [93]. Under high wall shear conditions, the formed thrombus has a thicker
shell and a more densely packed core [94]. This may be facilitated by the shell preventing
washout of platelet activators, thus promoting paracrine activity [95], with the resultant
thrombus being resistant to fibrinolysis. Furthermore, the strength of attachment to the
vessel wall is increased by high shear flow, and this may be secondary to the high affinity
state of the A1 domain of vWF for GPIbα under these conditions [50]. However, a point is
reached where the risk of dislodgement is greater; furthermore, Shi et al. suggest that wall
shear may also have a contributory role, demonstrating a parabolic relationship between
wall shear and thrombus area [94].

Clearly, increasing wall shear stress and shear flow play a role in clot stability; however,
their effects are not linear. A point is reached where the bond with the vessel wall is
overcome, leading to thrombus dislodgment. This may have an effect on endogenous
fibrinolysis potential, as microemboli may have exposed areas for the entry of fibrinolytic
enzymes, resulting in more rapid fibrinolysis than the original mother thrombus.

ADP signalling also appears to be involved in clot stability. Administration of P2Y12
inhibitors to whole blood has been shown to destabilise thrombus formation under high
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shear in vitro, resulting in microbleeds [53]. The effect was more profound with more
potent inhibitors such as cangrelor, and this also enhanced endogenous fibrinolysis.

Furthermore, in an in vitro study, the administration of ticagrelor after the initiation
of clot formation through the exposure of ADP and collagen led to dispersion, confirmed
by aggregometry [96]. This has also been shown in vivo in a murine model, where early
arterial thrombotic occlusion was partially reversed with the administration of ticagrelor.

Factors that potentiate clot stability may, therefore, confer resistance to endogenous
fibrinolysis.

9. Conclusions

In conclusion, there are many mechanisms involved in controlling endogenous fib-
rinolysis. There is a significant contributory and complex role of cellular components,
particularly platelets and NETs, in determining resistance to endogenous fibrinolysis. Ad-
ditionally, high shear flow conditions further impact platelet activation and thrombus
stability. Further work is needed in this rapidly evolving field, and efforts to mimic the
pathophysiological environment in vitro are essential to further elucidate the mechanism
of fibrinolysis resistance and in providing models to assess the effects of pharmacotherapy.
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Abbreviations

GP Glycoprotein
GTT Global Thrombosis Test
MI Myocardial infarction
NETs Neutrophil extracellular traps
PAI-1 Plasminogen activator inhibitor-1
PAR Protease-activated receptor
PS Phosphatidylserine
STEMI ST-segment elevation myocardial infarction
TAFI Thrombin activatable fibrinolysis inhibitor
t-PA Tissue-plasminogen activator
vWF von Willebrand Factor
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Abstract: The neurovascular unit (NVU) is a dynamic structure assembled by endothelial cells
surrounded by a basement membrane, pericytes, astrocytes, microglia and neurons. A carefully
coordinated interplay between these cellular and non-cellular components is required to maintain
normal neuronal function, and in line with these observations, a growing body of evidence has
linked NVU dysfunction to neurodegeneration. Plasminogen activators catalyze the conversion of
the zymogen plasminogen into the two-chain protease plasmin, which in turn triggers a plethora
of physiological events including wound healing, angiogenesis, cell migration and inflammation.
The last four decades of research have revealed that the two mammalian plasminogen activators,
tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA), are pivotal
regulators of NVU function during physiological and pathological conditions. Here, we will review
the most relevant data on their expression and function in the NVU and their role in neurovascular
and neurodegenerative disorders.

Keywords: tissue-type plasminogen activator (tPA); urokinase-type plasminogen activator (uPA); neu-
rodegeneration

1. Introduction

The plasminogen activation system is assembled by a cascade of proteases and their
inhibitors that catalyze the conversion of the zymogen plasminogen into the two-chain pro-
tease plasmin (Figure 1). Plasminogen is a 90 kDa single-chain multidomain glycoprotein
produced mainly in the liver [1] and assembled by 791 amino acids distributed in seven
different structural domains: an N-terminal pre-activation peptide, 5 kringle domains and
a C-terminal trypsin-like serine protease domain that harbors the catalytic triad His603,
Asp646 and Ser741 [2]. Plasminogen binds to a plethora of highly heterogenous receptors
on the cell surface, and this interaction not only triggers the generation of plasmin, but
also activates cell signaling pathways that orchestrate a wide variety of functions including
wound healing, angiogenesis, cell migration and inflammation [3]. Cleavage of plasmino-
gen at the Arg561–Val562 bond by one of the two main plasminogen activators [tissue-type
plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA)] generates
a two-chain plasmin molecule assembled by an N-terminal heavy-chain and a disulfide-
linked C-terminal light chain containing the proteolytically active site. Importantly, the
conversion of plasminogen into plasmin is enhanced when plasminogen is bound to fibrin
or to the cell surface [4]. The generation of plasmin is tightly controlled at different steps of
the plasminogen activating system. Accordingly, while plasminogen activator inhibitor-1
(PAI-1) and plasminogen activator inhibitor-2 (PAI-2) antagonize the proteolytic effect of
tPA and uPA [5], α2-antiplasmin inhibits plasmin. In the intravascular space, plasmin
acts not only as an effector of the fibrinolytic system by degrading fibrin, but also as an
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immune regulator [6]. Likewise, on the cell surface plasmin triggers the degradation of
multiple components of the extracellular matrix (ECM) and basement membrane, including
collagen, vitronectin, laminin, fibronectin and proteoglycans.

Figure 1. The plasminogen activating system. tPA: tissue-type plasminogen activator. uPA: urokinase-
type plasminogen activator. AP: antiplasmin. PAI-1: plasminogen activator inhibitor-1. FDP: fibrin
degradation products.

2. The Neurovascular Unit

The concept of the neurovascular unit (NVU) describes a dynamic interaction in the
central nervous system between endothelial cells ensheathed by a basement membrane,
and surrounding pericytes, astrocytes, microglia and neurons (Figure 2). The nature of
the interplay between these cellular and non-cellular components has led to the proposal
that the NVU is a single functioning unit responsible for the maintenance of cerebral
hemostasis [7].

Figure 2. The neurovascular unit. Schematic representation of the cellular and non-cellular compo-
nents of the neurovascular unit.

3. Plasminogen Activators in the Neurovascular Unit under Physiological Conditions

3.1. Tissue-Type Plasminogen Activator

Tissue-type plasminogen activator (tPA) is a 70-kDa serine proteinase secreted as a
single-chain form (that upon its cleavage by plasmin at Arg275-Ile276 generates an active
two-chain form held together by disulfide bonds). The tPA molecule is assembled by four
domains: an amino-terminal region (fibronectin-like or finger domain), an EGF-like domain,
two kringles and one serine protease region that harbors the active site residues His322,
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Asp371 and Ser478 [8]. In the neurovascular unit (NVU), tPA is found in endothelial cells,
perivascular astrocytes, microglia, pericytes and neurons [9,10].

3.2. Tissue-Type Plasminogen Activator in the Neurovascular Unit
3.2.1. Cerebral Endothelial Cells

In endothelial cells tPA is stored in Weibel–Palade bodies, the specialized endothelial
storage granules for von Willebrand factor [11]. The expression of tPA is increased at
the transcriptional level in endothelial cells by a variety of stimuli, including vascular
endothelial growth factor (VEGF), fluid shear stress, thrombin and histamine [12–14]. In
turn, its release from a preformed pool is triggered by physical activity, β-adrenergic drugs,
cholinergic agents, disseminated intravascular coagulation and hypoxia [15,16]. Studies
with a primary monoclonal antibody that detected free and PAI-1-complexed human
tPA revealed that in the non-human primate brain, tPA is found in a reduced number of
endothelial cells of the microvasculature, most of them pre-capillary arterioles and post-
capillary veins [17]. However, despite the relevance of these data, it is important to consider
that since this report was published almost 3 decades ago no further effort has been made
to characterize the expression of tPA with newer antibodies in endothelial cells of the
brain. Finally, although tPA has been detected in in vitro lines of human microvascular
endothelial cells [18], no in vivo studies have been published describing the expression of
tPA in blood vessels of the human brain.

3.2.2. Pericytes

Very few studies have assessed the expression and function of tPA in pericytes. How-
ever, the few that have been published to this date indicate that zinc prompts the release
of tPA from these cells [19], and that pericytes negatively regulate fibrinolysis-triggered
endothelial cell-derived tPA [20].

3.2.3. Astrocytes

tPA is abundantly found in astrocytes, and several stimuli including hypoxia [21]
and mechanical injury [22] trigger its release, both in vivo and in vitro. In line with these
observations, tPA activates the NF-κB pathway in astrocytes [23], and its release into the
basement membrane increases the permeability of the NVU [21]. The mechanism whereby
tPA activates the NF-κB pathway is not completely understood. However, work with
cerebral cortical astrocytes and rat kidney interstitial fibroblasts (NRK-49F) [24] revealed
that the interaction between tPA and LRP1 triggers the phosphorylation of IKKα, which
then allows p65/p50 to translocate to the nucleus [25]. Further work with kidney cells has
shown that another mechanism whereby tPA activates the NF-κB is by triggering annexin
2-mediated aggregation of the integrin CD11B, which in turn prompts the phosphorylation
of IKβ with the resultant nuclear translocation of p65/p50 [26] (Figure 3). In addition to its
proinflammatory effect, an increase in the expression and activity of astrocytic tPA induced
by multipotent mesenchymal stromal cells has been associated with neurite growth [27].
Furthermore, it has been proposed that astrocytes recycle tPA released in the synaptic
cleft in response to glutamatergic signals [28], and that tPA released from astrocytes
modulates the microglial response to endotoxins [29]. Together, these data indicate that the
release of astrocytic tPA plays a pivotal role in the NVU as a regulator of the permeability
of the astrocyte–basement membrane–endothelial cell interface, synaptic transmission,
neuroinflammation and microglial function.
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Figure 3. Mechanisms of tPA-induced NF-κB activation. Representative diagram of the proposed
mechanisms whereby tPA activates the NF-κB pathway in the kidney and cerebral cortical astrocytes.
In both cases, IKBα phosphorylation is followed by the nuclear translocation of p65/p50.

3.2.4. tPA in Microglia

Inasmuch as a functional link between tPA and microglial activation has been ex-
perimentally demonstrated, it is not clear if microglia release tPA. However, it has been
proposed that injured neurons release tPA, and that this tPA triggers the release of microglial
tPA, which in turn causes neurodegeneration [30]. Independently of these considerations,
experimental evidence indicates that tPA mediates endotoxin- and kainic acid-induced
microglial activation via an annexin II-mediated mechanism [31] that does not require
plasmin generation [32] and triggers neuronal apoptosis [33].

3.2.5. Neuronal tPA

Neurons are a major reservoir of tPA in the central nervous system (CNS), and the
release of neuronal tPA in the developing and mature brain plays a central role in the regu-
lation of synaptic function and the response of the CNS to a variety of injuries. Indeed, the
release of tPA by neuronal growth cones in the developing brain [34] induces neuronal mi-
gration [35] and neurite outgrowth and remodeling [36]. Noticeably, a similar sequence of
events in the mature brain promotes neuronal recovery following an ischemic injury [37,38].
In contrast with the developing CNS, in situ zymography studies have revealed that only
well-defined areas of the mature brain exhibit tPA-catalyzed proteolytic activity, namely
the hippocampus, hypothalamus, thalamus, amygdala, cerebellum and meningeal blood
vessels [39]. Furthermore, the interaction of tPA with N-methyl-D-aspartate (NMDA) recep-
tors in these structures [40] regulates glutamatergic neurotransmission [41] and promotes
the development of synaptic plasticity, as demonstrated in in vitro and in vivo models of
long-term potentiation [42], learning [43,44], stress-induced anxiety [45] and visual cortex
plasticity [37].

3.3. Urokinase-Type Plasminogen Activator

Urokinase-type plasminogen activator (uPA) is a 53 kDa serine proteinase secreted
as a single-chain uPA (scuPA) with 411 amino acids assembled into three domains: an
N-terminal domain homologous to the epidermal growth factor (responsible for its binding
to uPAR), a kringle domain that interacts with plasminogen activator inhibitor-1 (PAI-1)
and a C-terminal catalytic domain that harbors the active site with the His204, Asp255
and Ser356 amino acids triad [46]. The binding of scuPA to its receptor (uPAR) triggers its
cleavage at K158-I159, thus prompting its conversion into an active two-chain form (tcuPA),
with an A chain with the epidermal growth factor and kringle domains, and a B chain with
the proteolytic domain [47]. In turn, tcuPA catalyzes the conversion of plasminogen into
plasmin on the cell surface [48].
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The receptor for uPA (uPAR) has 270 amino acids assembled into three cysteine-
rich Cd59-like sequence domains (D1, D2 and D3) connected by short linker regions and
bound to the surface of the plasma membrane by a glycosyl phosphatidylinositol (GPI)
tail. Regulation of uPAR is accomplished by either an inactivating uPA-induced cleavage
of the receptor between D1 and D2, or by endocytosis of a PAI-1–uPA–uPAR low-density
lipoprotein receptor-related protein-1 (LRP1) complex assembled on the cell surface, which
then recycles free uPAR back to the membrane to bind to more uPA [49].

3.4. Urokinase-Type Plasminogen Activator in the Neurovascular Unit (NVU)
3.4.1. Cerebral Endothelial Cells

A substantial body of experimental evidence indicates that uPA and uPAR are found
in endothelial cells [50], and that the release of this uPA and the increase in the expression
of uPAR in endothelial cells triggered by a variety of stimuli [51,52] induces cell migration,
angiogenesis [53] and capillary branching. However, it is important to take into account
that most of these studies have been performed with cell lines, and that very few studies
have assessed the in vivo expression of uPA in cerebral endothelial cells. With that in mind,
it has been reported that Cryptococcus neoformans increases the expression of uPA in cerebral
endothelial cells [54], and that microvascular endothelial cells upregulate uPA following
an ischemic injury to the spinal cord in vivo [55].

3.4.2. Astrocytes and Microglia

The abundance of uPA and uPAR is increased in glial cell tumors, particularly glioblas-
toma multiforme, where they have been reported to play a role in tumor growth [56]. In
contrast, the role of astrocytic uPA and uPAR under physiological conditions is less well
understood. However, recent studies indicate that the release of uPA under physiologi-
cal conditions triggers astrocytic activation [57] and induces the formation of peripheral
astrocytic processes [58]. The expression and role of microglial uPA and uPAR under
non-pathological conditions is largely unknown, although in vitro studies have shown that
endotoxins, kainic acid and neurogeneration increase their abundance in microglia [59].

3.4.3. Neurons

Despite the fact that uPA and uPAR are abundantly found in developing neurons [60–62],
their expression changes dramatically over a few days. Hence, while day in vitro (DIV) 3
neurons harbor uPAR in their cell body and neurites, at DIV 7 the expression of this receptor
shifts to the axon shaft and growth cones, and at DIV 16 is restricted to the distal segment of
some axons and very few growth cones [60]. Significantly, uPA/uPAR binding during the
early stages of development induces neuritogenesis and neuronal migration via a plethora
of mechanisms that do not always require plasmin generation [63,64]. More specifically,
by promoting activation of integrins and the focal kinase adhesion (FAK) pathway, uPAR
regulates the reorganization of the cytoskeleton [63], thus triggering axonal growth, neuronal
migration [65] and dendritic branching [66]. In line with these observations, uPAR seems to
be pivotal for the formation of neuronal circuits that underlie the development of language
and cognition, and dysregulation of the uPA/uPAR system has been linked to epilepsy and
cognitive and developmental disorders [67].

In contrast, the expression and role of uPA/uPAR in the mature brain have been less
studied. However, recent studies with human, murine and non-human primate brains
indicate that uPA is abundantly found in synapses of the second and fifth cortical layers of
the cerebral cortex, and that uPA/uPAR binding modulates excitatory neurotransmission
by regulating the synaptic expression of neuronal cadherin (NCAD) [68]. Additionally,
these studies showed that uPA induces the expression of NCAD in the synapse, and that
the resultant generation of NCAD-dimers leads to the formation of synaptic contacts in
neurons maintained under physiological conditions [68].
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4. Plasminogen Activators in the Neurovascular Unit (NVU) under
Ischemic Conditions

Ischemic stroke is a leading cause of mortality and disability in the world [69]. Signifi-
cantly, plasminogen activators are pivotal for the protection and repair of the NVU that has
suffered an ischemic injury. Indeed, while acute cerebral ischemia causes the rapid release
of tPA from each cellular compartment of the NVU [70], the abundance and activity of uPA
increase only during the recovery stages from the ischemic insult [61]. These data have
led to the proposal that while the early release of tPA restores the patency of the occluded
blood vessel and has a neuroprotective effect, the delayed release of uPA promotes the
repair of the damaged NVU. Below we will review data on the role of tPA and uPA in each
component of the NVU under hypoxic/ischemic conditions.

4.1. Endothelial Cells
4.1.1. Tissue-Type Plasminogen Activator

The effect of hypoxia on the release of tPA from human cerebrovascular endothelial
cells has been poorly characterized. However, studies with human saphenous and umbili-
cal veins [71,72] have shown that hypoxia decreases the abundance and activity of tPA in
endothelial cells, and that this effect is accompanied by an increase in the expression and ac-
tivity of PAI-1. Furthermore, in vitro studies with rat brain microvascular endothelial cells
indicate that tPA has a harmful effect on endothelial cells exposed to oxygen and glucose
deprivation conditions [4,73]. In contrast with these in vitro studies, in vivo observations
have revealed an increase in the concentrations of tPA and PAI-1 in the intravascular space
of patients suffering an acute ischemic stroke [74], suggesting that endothelial cells release
tPA into the intravascular space as an attempt to restore the patency of the occluded blood
vessel. This is supported by the observation of complete or nearly complete recovery
of neurological function in acute ischemic stroke patients intravascularly treated with
recombinant tPA within 3–4.5 h of the onset of symptoms [75,76].

A growing body of experimental evidence indicates a link between plasminogen
activation and the immune system. Indeed, while some studies have revealed that plas-
minogen activators play a role in bradykinin-mediated endothelial cell activation [77],
others show that an interaction between plasmin and factor XII increases the permeability
of the neurovascular unit in neurodegenerative diseases [78,79]. Importantly, in apparent
discrepancy with a proinflammatory role of plasmin, in vivo studies with an animal model
of cerebral ischemia suggest that tPA attenuates the activation of the immune response in
the neurovascular unit that has suffered an ischemic injury [80].

4.1.2. Urokinase-Type Plasminogen Activator

The role of uPA in hypoxic/ischemic cerebral endothelial cells is even less well stud-
ied. Indeed, although studies with human umbilical endothelial cells (HUVEC) [81] and
human microvascular endothelial cells [82] have revealed that a hypoxia-induced, hypoxia-
inducible factor (HIF)-mediated increase in uPAR expression in endothelial cells triggers
angiogenesis and cell migration [83], the effect of hypoxia on uPA and uPAR expression
and function in cerebral endothelial cells has not been characterized. Independently of
these considerations, clinical studies indicate that the intravascular administration of re-
combinant uPA effectively restores the patency of the occluded blood vessel and improves
neurological outcome in acute ischemic stroke patients [84,85].

4.2. Astrocytes
4.2.1. Tissue-Type Plasminogen Activator

As discussed above, tPA is abundantly found in astrocytes [21], and the release of
astrocytic tPA has a direct effect on the permeability of the NVU. Indeed, the interaction
between tPA, released from perivascular astrocytes in response to the ischemic injury, and
the low-density lipoprotein receptor-related protein-1 (LRP-1) found in astrocytic end-feet
processes, activates an NF-κ-regulated inflammatory response [86] and triggers the detach-
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ment of perivascular astrocytes from the basement membrane, which in turn increases the
permeability of the blood–brain barrier, thus causing ischemic cerebral edema [21]. In line
with these observations, the intracerebroventricular administration of recombinant tPA
induces an LRP-1-mediated increase in the permeability of the NVU [87]. The translational
relevance of these observations is underscored by neuroradiological studies showing that
the intravenous administration of recombinant tPA to acute ischemic stroke patients also
increases the permeability of the blood–brain barrier [88] which is in line with a reported
10-fold increase in the risk of hemorrhagic complications in recombinant tPA (rtPA)-treated
stroke patients [75]. Interestingly, besides its effect on the permeability of the NVU, experi-
mental evidence indicates that multipotent mesenchymal stromal cell-induced tPA activity
in astrocytes promotes neurorepair after stroke by facilitating neurite outgrowth in the
ischemic area [27,89].

4.2.2. Urokinase-Type Plasminogen Activator

The roles of astrocytic uPA and uPAR in the ischemic brain have only recently been
studied. Accordingly, it was reported that the binding of uPA released from neurons to
uPAR recruited to the astrocytic plasma membrane in response to the ischemic injury,
induces astrocytic activation [57]. Ezrin is a protein that regulates the reorganization of the
actin cytoskeleton [90] and the formation of microvilli, filopodia and lamellipodia [91]. In
the cytosol, ezrin exists in an inactive conformation. However, following its recruitment
to the plasma membrane, ezrin is activated by phosphorylation at a conserved Thr567
residue [92]. Ezrin is abundantly found in astrocytic filopodia [93], and its activation is
required for the formation of peripheral astrocytic processes [94]. Significantly, uPA induces
the expression of ezrin in astrocytes, thus triggering the formation of peripheral astrocytic
processes that, upon embracing the pre- and post-synaptic compartments, preserve the
integrity of the tripartite synapse that has suffered an ischemic insult [58].

4.3. Microglia
4.3.1. Tissue-Type Plasminogen Activator

Microglial activation is a key step in a sequence of events that trigger not only cell
death but also neurorepair in the ischemic brain [95]. Remarkably, tPA is pivotal for
microglial activation [31], and in support of these observations, genetic deficiency of tPA at-
tenuates cerebral ischemia-induced microglial activation [32]. Interestingly, the N-terminal
fibronectin type III finger domain of tPA also mediates endotoxin-induced microglial acti-
vation, most likely by its interaction with annexin II on the cell membrane [96]. Further
work has revealed that LRP-1 mediates the effect of tPA on microglial activation in the
ischemic brain [97], and that the resultant downstream activation of latent platelet-derived
growth factor-CC (PDGF-CC) increases the permeability of the NVU [98]. Additionally, it
was reported that by modulating the release of cytokines, interferon-β attenuated the effect
of tPA-induced microglial activation on the permeability of the NVU [99].

4.3.2. Urokinase-Type Plasminogen Activator

It has been recognized that cultured human microglia express uPAR [100], and that the
abundance of this receptor in microglia is greatly increased by treatment with endotoxins.
More importantly, experimental studies have shown that uPAR is able to induce microglial
activation by a mechanism that always requires uPA [101], but that in some cell lines is
mediated by MMP-9 [102]. Strikingly, despite the importance of these observations, the role
of uPA/uPAR in cerebral ischemia-induced microglial activation is still poorly understood.

4.4. Neurons
4.4.1. Tissue-Type Plasminogen Activator

Despite the fact that a large number of studies agree on the fact that hypoxia and
ischemia trigger the release of neuronal tPA [70,103–105], there is significant disagree-
ment on the effect that this tPA has on cell survival. Indeed, results from early studies
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showing that mice genetically deficient in tPA (tPA−/−) have a significant decrease in the
volume of the ischemic lesion following transient occlusion of the middle cerebral artery
(tMCAo) [104,106] seeded the idea that tPA has a neurotoxic effect in the ischemic brain.
Strikingly, this idea lingered for a long time despite subsequent publications by other
groups describing an increase in the volume of the ischemic lesion in tPA-/- mice [106], and
either a beneficial [107] or even a lack of effect [108] of rtPA treatment on the volume of the
ischemic lesion following tMCAo.

This discrepancy was dramatically brought to the forefront of the scientific discussion
by the publication of a National Institute of Neurological Disorders and Stroke (NINDS)-
led clinical study showing that treatment with recombinant tPA within 3 h of the onset
of symptoms was associated with complete or nearly complete recovery in neurological
function in a significant number of acute ischemic stroke patients [75,109], and by the
subsequent incorporation of rtPA in the protocols used for the treatment of these pa-
tients [110]. Notably, although treatment with rtPA also increases the risk of intracerebral
hemorrhage [109] and augments the permeability of the NVU [89], to this date no clinical
study has shown a neurotoxic effect caused by rtPA treatment. The translational impact of
this disagreement between basic and clinical researchers has been heightened by the obser-
vation that, following its intravenous administration, rtPA crosses through the blood–brain
barrier and permeates the ischemic tissue [111]. In other words, if findings published by
basic researchers are true, then clinicians are treating acute ischemic stroke patients with a
neurotoxic agent. For obvious reasons this discrepancy needs to be resolved as it has called
into question the clinical translatability of basic science research.

Early studies proposed that tPA mediated excitotoxin-induced neuronal death, which
is a pivotal mechanism of cell death in the ischemic brain. Indeed, it was found that genetic
deficiency of tPA attenuated kainic acid-induced hippocampal cell death [112] via plasmin-
induced proteolysis of laminin in the extracellular matrix [113], and that tPA-/- mice were
resistant to KA-induced seizures [112]. This study was followed by work from a different
group of researchers that measured the volume of the ischemic lesion in rodents injected
with NMDA into the striatum and then intravascularly treated with 10 mg/Kg/IV of
rtPA [114]. These investigators found that rtPA treatment enhanced the harmful excitotoxic
effect of NMDA, which was interpreted as another demonstration of a neurotoxic effect of
tPA. In contrast, a different group of investigators using a similar experimental paradigm
but a different dose of rtPA (0.9 mg/Kg/IV, the same dose used to treat acute ischemic
stroke patients), found an opposite effect: a decrease in the volume of the necrotic lesion in
rtPA-treated animals [115]. Furthermore, they also found that the damage induced by the
intrastrial injection of NMDA was significantly attenuated in mice overexpressing tPA only
in neurons. Additionally, it was soon clear that the intracerebral injection of an excitotoxin
(kainic acid) caused a transient increase in the activity of tPA in cells of the hippocampal
CA1 layer that survived the excitotoxic injury [116], and this was followed by a report
indicating that tPA protected hippocampal cells from the harmful effects of the excitotoxic
injury [117].

This led a different group of investigators to quantify neuronal survival in cerebral
cortical neurons incubated with NMDA in the presence of 0–500 nM of either proteolytically
active tPA or a mutant of tPA with an alanine for serine substitution at the active site
Ser481 that rendered it unable to catalyze the conversion of plasminogen into plasmin
(proteolytically inactive tPA) [115]. These experiments revealed that tPA caused a modest
increase in NMDA-induced neuronal death only at doses greater than 100 nM, which are not
found in in vivo systems, even after the intravenous administration of rtPA. Furthermore,
it was discovered that at concentrations found in the ischemic brain, tPA attenuated
NMDA-induced neuronal death by a mechanism that did not entail plasmin generation
but required the co-receptor function of a member of the low-density lipoprotein receptor
(LDLR) family, most likely LRP1. In an attempt to explain these discrepancies, it was
proposed that selective activation of NMDA receptors by single-chain but not two-chain
tPA is responsible for the neurotoxic effect of tPA [118], and therefore that treatment with
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two-chain tPA is more efficient than single-chain tPA to reduce the volume of the ischemic
lesion and promote functional recovery after the experimental induction of an ischemic
stroke [119]. Together, these results show that a causal link between tPA and cerebral
ischemia- and excitotoxin-induced neuronal death was difficult to establish, as it seemed
to depend on the chemical structure and dose of rtPA as well as the specific experimental
paradigm used in each report.

The resultant renewed interest of the scientific community to understand the role of
neuronal tPA in the ischemic brain led a group of investigators using an in vitro model
of oxygen and glucose deprivation (OGD) to discover that treatment with 5 nM of rtPA
prevented cell death in cerebral cortical neurons exposed to 55 min of OGD conditions,
and that this effect was mediated by LRP1 and open synaptic NMDA receptors [104].
Remarkably, the detection of a maximal neuroprotective effect within the first three hours
after OGD bears a notable resemblance with the maximal neurological recovery observed
in acute ischemic stroke patients treated with rtPA within three hours of the onset of
symptoms [75]. The obvious lack of a clot in this in vitro system indicated that a mechanism
other than thrombolysis mediates tPA’s neuroprotective effect, and this possibility was
confirmed by the finding that treatment with recombinant tPA after tMCAo also decreased
the volume of the ischemic lesion in animals genetically deficient in plasminogen (Plg-/-).
These data indicate that tPA has a neuroprotective effect in the ischemic brain that is not
mediated by the generation of plasmin and instead requires the co-receptor function of the
NMDAR and a member of the LDLR family.

4.4.2. Urokinase-Type Plasminogen Activator

The role of uPA in the ischemic NVU is less well understood. Indeed, early studies
with an animal model of permanent cerebral ischemia induced by occluding a distal branch
of the middle cerebral artery with a surgical suture showed a decrease in the volume of the
ischemic lesion in mice genetically deficient in uPAR [105] but not uPA [120]. Interestingly,
using a similar animal model of cerebral ischemia, a different group of investigators
detected a large increase in uPA-catalyzed proteolysis 72 h after the onset of the ischemic
injury [121]. This was followed by the observation that the concentrations of uPA in
the culture medium of cerebral cortical neurons remained unchanged during 60 min of
exposure to OGD conditions [61].

However, in an unexpected turn of events, it was found that these neurons released
large amounts of uPA after they were returned to normoxic conditions. Importantly, this
uPA did not seem to have an effect on cell death, as there was no difference in neuronal
survival between Wt and uPA-/- neurons exposed to OGD conditions [61]. The in vivo
significance of these observations was supported by the finding that although cerebral
ischemia did not have an effect on the abundance of uPA during the acute phase of the
ischemic injury, the expression of uPA in the ischemic tissue increased during the recovery
period.

The finding that the delayed release of uPA following a hypoxic/ischemic injury
did not have an effect on neuronal survival or the volume of the ischemic lesion, led
researchers to investigate if uPA plays a role in neurorepair. Noticeably, this possibility was
supported by the observation that compared to wild-type (Wt) littermate controls, uPA-/-

and uPAR-/- mice had a protracted recovery in neurological function following tMCAo,
and that treatment with ruPA or the release of endogenous uPA prompted functional
recovery in Wt and uPA-/-, but not in uPAR-/- mice [60,61].

Further studies showed that the release of uPA promoted the recovery of axonal
boutons and post-synaptic terminals disassembled by the ischemic injury. More specifically,
it was found that by regulating the expression and activity of GAP-43, neuronal uPA
promoted the regeneration of axons damaged by the ischemic injury [122]. Furthermore, by
its ability to regulate the expression of ezrin, uPA was able to reorganize the cytoskeleton
of the post-synaptic density, prompting the recovery of dendritic spines that disappeared
in the earlier stages of the ischemic insult [61]. In line with these observations, in vivo
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studies indicated that intravenous treatment with recombinant uPA 24 h after the onset of
the ischemic injury increased the number of synaptic contacts in the area that surrounds
the necrotic core [57].

In summary, the data available to this date indicate that the expression of uPA and
uPAR increases in the recovery stages of an ischemic stroke, and suggest that uPA binding
to uPAR plays a central role in the process of neurorepair following an acute ischemic
injury. These observations are supported by reports from other groups indicating that
uPAR modulates peripheral nerve regeneration after a crushed nerve [67], and that genetic
deficiency of uPA aggravates the motor deficit and increases neuronal death in an animal
model of traumatic brain injury [121].

5. Plasminogen Activators in Neurodegenerative Disorders

The concept of neurodegenerative disorders encompasses several clinical entities
including Alzheimer’s disease (AD), Parkinson’s disease (PD) and amyotrophic lateral scle-
rosis (ALS), all characterized by the progressive decline of neuronal function. Remarkably,
a rapidly growing knowledge of the pathophysiology of these disorders has led to two
important conclusions. First, that they are not caused by isolated neuronal pathology, but
instead that a dysfunctional NVU is a contributory factor in many of them [122,123]; and
second, that a dysfunctional plasminogen activating system plays a still poorly understood
role in their pathophysiology. Together, the data reviewed below underscore the relevance
of the interaction between the plasminogen activating system and neurodegeneration,
and how research on this interaction may unveil potential targets for the development of
strategies for their prevention and treatment.

5.1. Plasminogen Activators in Alzheimer’s Disease

AD affects approximately 46.8 million people worldwide, and this number is expected
to reach 131.5 million by 2050 [124]. It is a dual proteinopathy, that accounts for almost
60–80% of all dementias, and is characterized by the extracellular deposition of Aβ 1–40
and 1–42 fibrils in neuritic plaques and intracellular aggregates of hyperphosphorylated
tau in neurofibrillary tangles (NFT). Importantly, a substantial number of studies have
found that even in the early stages of this disease the NVU is dysfunctional. Accordingly, a
long-time accepted neurocentric theory of the genesis of AD has slowly been integrated
into a more holistic model that includes all the cellular and non-cellular components of
the NVU.

5.2. Endothelial Cells

There is ample evidence implicating endothelial cell dysfunction in the pathophysi-
ology of AD. Indeed, virtually all AD patients exhibit endothelial cell degeneration and
abnormal thickening of the perivascular basement membrane in zones with Aβ deposi-
tion [125]. These morphological changes underlie the reduction in cerebral blood flow,
and impaired cerebrovascular reactivity and neurovascular coupling observed even in
early stages of the disease [126,127]. Importantly, the few studies published to this date on
plasminogen activators and endothelial cells in AD indicate that although Aβ does not have
an effect on the release of endothelial tPA [19], deficiency of this plasminogen activator,
likely caused by increased PAI-1, underlies the impairment in neurovascular coupling
observed in mice expressing the Swedish mutation of the amyloid precursor protein (APP;
tg2576) [128]. It has also been postulated that plasminogen derived from the intravascular
space causes an inflammatory response and Aβ deposition. More specifically, it has been
reported that depletion of plasminogen in the intravascular space attenuates microglial
activation and improves AD pathology in mice transgenic for human APP/Presinilin 1
with five early-onset familial AD mutations [78]. In contrast with these studies, the role
of uPA in endothelial cell dysfunction in AD has been addressed by fewer investigators.
However, it has been reported that Aβ induces the expression of uPA in cultured human
cerebrovascular smooth muscle cells [129], and that LRP1 in endothelial cells regulates
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the efflux of Aβ into the intravascular space [130]. The translational relevance of these
observations, performed in the murine brain, should be understood in the light of studies
indicating that human brain endothelial cells do not express LRP1 [131].

5.3. Astrocytes

Several studies have reported an association between early astrocytic activation [132]
and poor prognosis in advanced phases of this disease [133]. Interestingly, this pro-
cess seems to affect only a sub-population of astrocytes with an increased abundance
of aquaporin-4 in their end-feet processes [134]. This is of special interest, because the
interaction between astrocytic end-feet processes and endothelial cells modulates the per-
meability of the NVU [135]. In line with these observations, in vitro and in vivo studies
have revealed an increase in the permeability of the NVU in different animal models of
AD [129] and in the brain of AD patients [136]. Finally, astrocytes are tightly associated with
Aβ catabolism, and these cells display an abnormal response upon exposure to Aβ [137].
Strikingly, no studies have directly addressed the specific role of astrocytic tPA and uPA in
the pathogenesis of Alzheimer’s disease.

5.4. Microglia

Microglial activation in the brain of AD patients [138] has been linked to the triggering
of a neuroinflammatory response that promotes Aβ-containing plaque formation and
neuronal degeneration [139]. However, more recent studies have revealed that microglial
activation in AD is a heterogenous process, and in line with these observations, specific
and well-differentiated subpopulations of microglia also seem to have a protective effect
in the brain of AD patients [140]. Furthermore, it has been reported that the plasminogen
activating system modulates the activation of microglia in AD [141] and that treatment
with rtPA triggers the activation of the above-mentioned neuroprotective microglial pheno-
type [142]. In contrast, the role of uPA in microglial activation in AD has been less well
studied. However, it has been reported that Aβ-treated human microglia upregulate uPA
and uPAR [143] and that uPAR is a marker of microglial activation in the brain of AD
patients [144].

5.5. Neurons

The amyloid hypothesis of AD is a neurocentric model in which Aβ deposition leads to
progressive tau hyperphosphorylation, synaptic dysfunction and neuronal loss. However,
despite its importance and long-time acceptance, a growing body of experimental evidence
suggests that not only neurons, but all cellular and non-cellular elements of the NVU, play
key roles in the pathogenesis of this disease [145]. Independently of these considerations,
knowledge gathered over the last 3 decades has resulted in a better understanding of the
biochemical process that leads to the production and accumulation of Aβ. More specifically,
the proteolytic processing of APP by α-secretase on the cell membrane generates soluble
APPα, which has been implicated in neuronal plasticity and synaptogenesis [146]. However,
those APP molecules that are not processed by α-secretase are endocytosed and cleaved by
β-secretase 1 (BACE1) and γ-secretase to generate Aβ 1–40 and 1–42 peptides [147–149],
which have a harmful effect on cell survival and synaptic structure and function [150,151].
Inasmuch as our understanding of this process has grown, it has led to the discovery of
different therapeutic strategies to minimize Aβ deposition that have been successfully
tested in animal models of AD [152], but unsuccessful [153] or only partially effective in
AD patients [154].

The last three decades of research on the role of the plasminogen activating system
in the pathophysiology of AD have focused almost exclusively on the ability of tPA and
uPA to cleave Aβ deposits. However, recent studies have also discovered a role for uPA
in the pathogenesis of synaptic dysfunction in AD that does not require the conversion of
plasminogen into plasmin.
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5.5.1. Plasminogen Activators and the Formation of Aβ Deposits

A role for plasminogen activators in the pathogenesis of AD was suggested by
in vitro studies showing that plasmin triggers α-secretase-induced cleavage of Aβ in lipid
rafts [155] and cleaves insoluble Aβ fibrils [156,157]. This was followed by work revealing
a reduction in the expression and activity of plasmin in AD brains [158], most likely due to
a decrease in tPA activity [157]. These observations were contested by a different group
of investigators that detected normal concentrations of plasminogen and plasmin in the
brains of AD patients [159], and postulated that the reported decrease in plasmin was
actually due to the disruption of lipid rafts by abnormal cholesterol metabolism in the
neuronal membrane [160].

Most of the studies on the role of plasminogen activators on the formation of Aβ

deposits have been performed with tPA. Hence, it has been found that insoluble Aβ

activates tPA [161] and increases the expression of tPA mRNA in cerebral cortical neurons,
purportedly as an attempt to trigger plasmin-induced cleavage of extracellular insoluble
Aβ-containing plaques [158]. In discrepancy with these studies, in vivo studies with
mouse models of AD have revealed that chronic elevation of Aβ actually decreases tPA
activity by enhancing the inhibitory effect of PAI-1 on tPA, and that the intracerebral
injection of Aβ causes neuronal degeneration in animals genetically deficient in either tPA
or plasminogen [162].

More specifically, the expression of PAI-1 is increased in the cerebrospinal fluid [163]
and the brains of AD patients [164]. The clinical relevance of these observations is under-
scored by experimental work indicating that the genetic deletion of PAI-1 in the brain of
a murine model of AD reduces the deposition of Aβ by increasing tPA-induced plasmin-
mediated cleavage of Aβ-containing plaques [164]. Together, these data have led to the
proposal of a model in which increased PAI-1 activity in the brain of AD patients abrogates
tPA-induced plasmin-triggered cleavage of Aβ deposits. In seeming contradiction with
a protective role of tPA in AD, other studies have shown that this plasminogen activator
actually mediates the neurotoxic effect of Aβ via ERK 1

2 activation [165]. The role of uPA
on the formation of Aβ deposits has been less well studied. Nevertheless, it has been
reported that Aβ increases the abundance of uPA mRNA [156], and that as described for
tPA, uPA also induces plasmin-mediated cleavage of insoluble Aβ-containing extracellular
plaques [166].

5.5.2. Role of Plasminogen Activators in Synaptic Dysfunction in AD

The idea that the extracellular accumulation of insoluble Aβ peptides is the cause of the
cognitive decline observed in AD patients [167] has been challenged by neuropathological
and clinical studies indicating that the development of cognitive deficits in these individuals
correlates with abnormalities in synaptic structure and function more than with the number
of tangles and insoluble Aβ-containing plaques [168,169]. This concept is of significant
translational importance, because synaptic dysfunction is an early event in the pathogenesis
of AD that is amenable to therapeutic interventions to prevent its development.

Our knowledge of the synaptic role of Aβ has increased significantly during the last 30
years. Hence, we know that the production of Aβ increases during neuronal activity [150],
and that while at low concentrations, soluble Aβ induces presynaptic facilitation, at high
concentrations triggers post-synaptic depression [170] by decreasing the abundance of
glutamatergic receptors in the postsynaptic density [161,171] and enhances the excitotoxic
effect of glutamate by blocking its reuptake from the synaptic cleft [172]. Additionally, high
concentrations of Aβ impair long-term potentiation (LTP) and enhance long-term depres-
sion (LTD) by blocking α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
and NMDA receptor function [173], and augment the excitotoxic effect of glutamate by
blocking its reuptake from the synaptic cleft [172]. Importantly, increased soluble Aβ has
been linked to synaptic depression and the disruption of neuronal network activity in the
brains of AD patients [171]. Furthermore, it has been reported that uPA antagonizes the
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harmful effect of Aβ on synaptic structure and function by a mechanism independent of
its ability to trigger proteolytic cleavage of Aβ-containing plaques [68].

Recent studies have shown that cleavage of Aβ-containing plaques is not the only
role of uPA in AD brains. Hence, it has been found that the expression of uPA, but not
of its receptor (uPAR), is decreased in the synapses of AD patients and 5XFAD mice
(express human APP with the Swedish (KM670/671NL), Florida (I716V) and London
(V717I) mutations together with a mutant presenilin 1 (M146L, L286V) under the control of
the murine Thy-1 promoter), by the ability of Aβ to halt the transcription of uPA mRNA
in neurons but not in astrocytes [68]. The translational importance of these findings is
supported by observations indicating that treatment with recombinant uPA abrogates the
harmful effect of soluble Aβ on synaptic structure and function, via its ability to induce the
expression of neuronal cadherin (NCAD). Remarkably, in contrast with the reported effect
of tPA and uPA on the proteolytic cleavage of Aβ-containing plaques, the effect of uPA
on the synapses of AD patients and animal models of AD does not require the generation
of plasmin.

5.5.3. Plasminogen Activators, Physical Activity and Alzheimer’s Disease

Physical activity has a direct effect on the expression and activity of components of the
plasminogen activating system. More specifically, 6 months of intensive physical activity
increase the intravascular concentration of tPA and uPA, and this effect is accompanied by
a substantial decrease in the levels of PAI-1 [15,174]. These observations are of significant
importance when interpreted in the context of studies showing that physical activity
decreases the risk of AD [175] and improves the attention span, memory and executive
functioning of healthy individuals [176]. Thus, it is tempting to postulate that plasminogen
activators mediate the protective effect of exercise on cognitive function and the risk of
developing AD. However, although scientifically plausible, to this date there are no data to
support this hypothesis.

5.6. Plasminogen Activators in Parkinson’s Disease

Parkinsonism is a clinical syndrome characterized by bradykinesia, resting tremor,
rigidity and postural and gait impairment. Most cases of parkinsonism are caused by
Parkinson’s disease (PD), which is a neurodegenerative disease that affects 3% of the pop-
ulation older than 65 years of age [177]. The neuropathological hallmarks of this disease
are the loss of dopamine-containing neurons in the substantia nigra and the presence of
α-synuclein-containing intracellular inclusions. The extracellular levels of α-synuclein
depend not only on its release from neurons, but also on its removal by proteolytic degrada-
tion. It is unclear if α-synuclein induces the expression or activity of tPA or uPA. However,
plasmin cleaves and degrades α-synuclein, and α-synuclein upregulates PAI-1 [178]. It
has thus been proposed that an excess of PAI-1 in the brains of PD patients prevents
plasmin-induced clearance of α-synuclein aggregates [179]. The translational relevance of
these findings is supported by the fact that increased levels of PAI-1 have been linked to a
worse clinical prognosis in PD patients [180]. Despite the importance of these observations,
to this date it is unclear if tPA- or uPA-catalyzed plasmin generation plays a role in the
pathogenesis of this disease.

5.7. Plasminogen Activators in Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease characterized by a
progressive decline in motor function caused by weakness and spasticity without sensory
loss. Knowledge on the role of plasminogen activators in the pathogenesis of ALS is still in
its earlier stages. However, it has been reported that plasminogen from ALS patients, and
recombinant tPA and plasmin, induce motoneuron degeneration in BALB/c mice [181].
Likewise, experimental work with G93 mice (with a SOD1 mutation linked to familial
ALS) and samples from ALS patients revealed that the abundance of uPAR increased in
the ventral horn of the spinal cord of ALS patients and G93 mice, along with enhanced
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uPA-dependent plasminogen activation in advanced stages of this disease. Remarkably,
treatment with an inhibitor of uPA prolonged survival in these animals [182].

Author Contributions: Writing, editing and funding acquisition, M.Y.; writing and investigation,
Y.W.; writing—original draft preparation, C.M.-J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded in part by National Institutes of Health Grant NS-NS091201 (to
M.Y.) and VA MERIT Award IO1BX003441 (to M.Y.).

Data Availability Statement: Not Applicable.

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

References

1. Raum, D.; Marcus, D.; Alper, C.A.; Levey, R.; Taylor, P.D.; Starzl, T.E. Synthesis of Human Plasminogen by the Liver. Science 1980,
208, 1036–1037. [CrossRef] [PubMed]

2. Petersen, T.E.; Martzen, M.R.; Ichinose, A.; Davie, E.W. Characterization of the Gene for Human Plasminogen, A Key Proenzyme
in the Fibrinolytic System. J. Biol. Chem. 1990, 265, 6104–6111. [CrossRef]

3. Das, R.; Pluskota, E.; Plow, E.F. Plasminogen and Its Receptors as Regulators of Cardiovascular Inflammatory Responses. Trends
Cardiovasc. Med. 2010, 20, 120–124. [CrossRef] [PubMed]

4. Gong, Y.; Kim, S.-O.; Felez, J.; Grella, D.K.; Castellino, F.J.; Miles, L.A. Conversion of Glu-Plasminogen to Lys-Plasminogen
Is Necessary for Optimal Stimulation of Plasminogen Activation on the Endothelial Cell Surface. J. Biol. Chem. 2001, 276,
19078–19083. [CrossRef]

5. Lawrence, D.; Strandberg, L.; Grundström, T.; Ny, T. Purification of Active Human Plasminogen Activator Inhibitor 1 from
Escherichia Coli. Comparison with Natural and Recombinant Forms Purified from Eucaryotic Cells. Eur. J. Biochem. 1989, 186,
523–533. [CrossRef]

6. Draxler, D.F.; Sashindranath, M.; Medcalf, R.L. Plasmin: A Modulator of Immune Function. Semin. Thromb. Hemost. 2016, 43,
143–153. [CrossRef]

7. Muoio, V.; Persson, P.B.; Sendeski, M.M. The Neurovascular Unit—Concept Review. Acta Physiol. 2014, 210, 790–798. [CrossRef]
8. Pennica, D.; Holmes, W.E.; . Kohr, W.J.; Harkins, R.N.; Vehar, G.A.; Ward, C.A.; Bennett, W.F.; Yelverton, E.; Seeburg, P.H.;

Heyneker, H.L.; et al. Cloning and Expression of Human Tissue-Type Plasminogen-Activator Cdna in Escherichia-Coli. Nature
1983, 301, 214–221. [CrossRef]

9. Yepes, M.; Roussel, B.D.; Ali, C.; Vivien, D. Tissue-Type Plasminogen Activator in the Ischemic Brain: More than a Thrombolytic.
Trends Neurosci. 2009, 32, 48–55. [CrossRef]

10. Kim, J.A.; Tran, N.D.; Wang, S.-J.; Fisher, M.J. Astrocyte Regulation of Human Brain Capillary Endothelial Fibrinolysis. Thromb.
Res. 2003, 112, 159–165. [CrossRef]

11. Huber, D.; Cramer, E.M.; Kaufmann, J.E.; Meda, P.; Massé, J.-M.; Kruithof, E.K.O.; Vischer, U.M. Tissue-Type Plasminogen
Activator (t-PA) is Stored in Weibel-Palade Bodies in Human Endothelial Cells Both in Vitro and in Vivo. Blood 2002, 99,
3637–3645. [CrossRef]

12. Hanss, M.; Collen, D. Secretion of Tissue-Type Plasminogen Activator and Plasminogen Activator Inhibitor by Cultured Human
Endothelial Cells: Modulation by Thrombin, Endotoxin, and Histamine. J. Lab. Clin. Med. 1987, 109, 97–104.

13. Pepper, M.S.; Rosnoblet, C.; Di Sanza, C.; Kruithof, E.K. Synergistic Induction of t-PA by VASCULAR endothelial Growth Factor
and Basic Fibroblast Growth Factor and Localization of t-PA to Weibel-Palade Bodies in Bovine Microvascular Endothelial Cells.
Thromb. Haemost. 2001, 86, 702–709.

14. Kawai, Y.; Matsumoto, Y.; Watanabe, K.; Yamamoto, H.; Satoh, K.; Murata, M.; Handa, M.; Ikeda, Y. Hemodynamic Forces
Modulate the Effects of Cytokines on Fibrinolytic Activity of Endothelial Cells. Blood 1996, 87, 2314–2321. [CrossRef] [PubMed]

15. Chandler, W.L.; Levy, W.C.; Stratton, J.R. The Circulatory Regulation of TPA and UPA Secretion, Clearance, and Inhibition During
Exercise and During the Infusion of Isoproterenol and Phenylephrine. Circulation 1995, 92, 2984–2994. [CrossRef]

16. Stein, C.; Brown, N.; E Vaughan, D.; Lang, C.C.; Wood, A.J. Regulation of Local Tissue-Type Plasminogen Activator Release
by Endothelium-Dependent and Endothelium-Independent Agonists in Human Vasculature. J. Am. Coll. Cardiol. 1998, 32,
117–122. [CrossRef]

17. Levin, E.G.; Del Zoppo, G.J. Localization of Tissue Plasminogen Activator in the Endothelium of a Limited Number of Vessels.
Am. J. Pathol. 1994, 144, 855–861.

18. Yang, F.; Liu, S.; Wang, S.-J.; Yu, C.; Paganini-Hill, A.; Fisher, M.J. Tissue Plasminogen Activator Expression and Barrier Properties
of Human Brain Microvascular Endothelial Cells. Cell Physiol. Biochem. 2011, 28, 631–638. [CrossRef] [PubMed]

19. Cho, M.-K.; Sun, E.-S.; Kim, Y.-H. Zinc-Triggered Induction of Tissue Plasminogen Activator and Plasminogen in Endothelial
Cells and Pericytes. Exp. Neurobiol. 2013, 22, 315–321. [CrossRef] [PubMed]

20. Kim, J.A.; Tran, N.D.; Li, Z.; Yang, F.; Zhou, W.; Fisher, M.J. Brain Endothelial Hemostasis Regulation by Pericytes. J. Cereb. Blood
Flow Metab. 2006, 26, 209–217. [CrossRef]

44



Int. J. Mol. Sci. 2021, 22, 4380

21. Polavarapu, R.; Gongora, M.C.; Yi, H.; Ranganthan, S.; Lawrence, D.A.; Strickland, D.; Yepes, M. Tissue-Type Plasminogen
Activator–Mediated Shedding of Astrocytic Low-Density Lipoprotein Receptor–Related Protein Increases the Permeability of the
Neurovascular Unit. Blood 2006, 109, 3270–3278. [CrossRef]

22. Tang, H.; Fu, W.Y.; Ip, N.Y. Altered Expression of Tissue-Type Plasminogen Activator and Type 1 Inhibitor in Astrocytes of Mouse
Cortex Following Scratch Injury in Culture. Neurosci. Lett. 2000, 285, 143–146. [CrossRef]

23. Zhang, C.; An, J.; Haile, W.B.; Echeverry, R.; Strickland, D.K.; Yepes, M. Microglial Low-Density Lipoprotein Receptor-Related
Protein 1 Mediates the Effect of Tissue-Type Plasminogen Activator on Matrix Metalloproteinase-9 Activity in the Ischemic Brain.
J. Cereb. Blood Flow Metab. 2009, 29, 1946–1954. [CrossRef]

24. Hu, K.; Yang, J.; Tanaka, S.; Gonias, S.L.; Mars, W.M.; Liu, Y. Tissue-Type Plasminogen Activator Acts as a Cytokine That
Triggers Intracellular Signal Transduction and Induces Matrix Metalloproteinase-9 Gene Expression. J. Biol. Chem. 2006, 281,
2120–2127. [CrossRef]

25. Polavarapu, R.; Gongora, M.C.; Winkles, J.A.; Yepes, M. Tumor Necrosis Factor-Like Weak Inducer of Apoptosis Increases
the Permeability of the Neurovascular Unit through Nuclear Factor-Kappa B Pathway Activation. J. Neurosci. 2005, 25,
10094–10100. [CrossRef]

26. Lin, L.; Wu, C.; Hu, K. Tissue Plasminogen Activator Activates NF-kappaB through a Pathway Involving Annexin A2/CD11b
and Integrin-Linked Kinase. J. Am. Soc. Nephrol. 2012, 23, 1329–1338. [CrossRef]

27. Xin, H.; Li, Y.; Shen, L.H.; Liu, X.; Hozeska-Solgot, A.; Zhang, R.L.; Zhang, Z.G.; Chopp, M. Multipotent Mesenchymal Stromal
Cells Increase tPA Expression and Concomitantly Decrease PAI-1 Expression in Astrocytes through the Sonic Hedgehog Signaling
Pathway after Stroke (In Vitro Study). J. Cereb. Blood Flow Metab. 2011, 31, 2181–2188. [CrossRef]

28. Cassé, F.; Bardou, I.; Danglot, L.; Briens, A.; Montagne, A.; Parcq, J.; Alahari, A.; Galli, T.; Vivien, D.; Docagne, F. Glutamate
Controls tPA Recycling by Astrocytes, Which in Turn Influences Glutamatergic Signals. J. Neurosci. 2012, 32, 5186–5199. [CrossRef]

29. Vincent, V.A.; Löwik, C.W.; Verheijen, J.H.; De Bart, A.C.; Tilders, F.J.; Van Dam, A. Role of Astrocyte-Derived Tissue-Type
Plasminogen Activator in the Regulation of Endotoxin-Stimulated Nitric Oxide Production by Microglial Cells. Glia 1998, 22,
130–137. [CrossRef]

30. Siao, C.H.-J.; Susana, R.F.; Stella, E.T. Cell Type-Specific Roles for Tissue Plasminogen Activator Released by Neurons or Microglia
after Excitotoxic Injury. J. Neurosci. 2003, 23, 3224–3242. [CrossRef]

31. Siao, C.J.; Tsirka, S.E. Tissue Plasminogen Activator Mediates Microglial Activation via its Finger Domain through Annexin II. J.
Neurosci. 2002, 22, 3352–3358. [CrossRef]

32. Rogove, A.D.; Siao, C.; Keyt, B.; Strickland, S.; E Tsirka, S. Activation of Microglia Reveals a Non-Proteolytic Cytokine Function
for Tissue Plasminogen Activator in the Central Nervous System. J. Cell Sci. 1999, 112, 4007–4016.

33. Flavin, M.P.; Zhao, G. Tissue Plasminogen Activator Protects Hippocampal Neurons from Oxygen-Glucose Deprivation Injury. J.
Neurosci. Res. 2001, 63, 388–394. [CrossRef]

34. Krystosek, A.; Seeds, N.W. Plasminogen Activator Release at the Neuronal Growth Cone. Science 1981, 213, 1532–1534. [CrossRef]
35. Seeds, N.W.; Basham, M.E.; Haffke, S.P. Neuronal Migration is Retarded in Mice Lacking the Tissue Plasminogen Activator Gene.

Proc. Natl. Acad. Sci. USA 1999, 96, 14118–14123. [CrossRef]
36. Lee, S.H.; Ko, H.M.; Kwon, K.J.; Lee, J.; Han, S.H.; Han, D.W.; Cheong, J.H.; Ryu, J.H.; Shin, C.Y. tPA Regulates Neurite Outgrowth

by Phosphorylation of LRP5/6 in Neural Progenitor Cells. Mol. Neurobiol. 2014, 49, 199–215. [CrossRef]
37. Muller, C.M.; Griesinger, C.B. Tissue Plasminogen Activator Mediates Reverse Occlusion Plasticity in Visual Cortex. Nat. Neurosci.

1998, 1, 47–53. [CrossRef] [PubMed]
38. Shen, L.H.; Xin, H.; Li, Y.; Zhang, R.L.; Cui, Y.; Zhang, L.; Lü, M.; Zhang, Z.G.; Chopp, M. Endogenous Tissue Plasminogen

Activator Mediates Bone Marrow Stromal Cell-Induced Neurite Remodeling after Stroke in Mice. Stroke 2011, 42, 459–464.
[CrossRef] [PubMed]

39. Sappino, A.P.; Madani, R.; Huarte, J.; Belin, D.; Kiss, J.Z.; Wohlwend, A.; Vassalli, J.D. Extracellular Proteolysis in the Adult
Murine Brain. J. Clin. Investig. 1993, 92, 679–685. [CrossRef]

40. Nicole, O.; Docagne, F.; Ali, C.; Margaill, I.; Carmeliet, P.; MacKenzie, E.T.; Vivien, D.; Buisson, A. The Proteolytic Activity of
Tissue-Plasminogen Activator Enhances NMDA Receptor-Mediated Signaling. Nat. Med. 2001, 7, 59–64. [CrossRef] [PubMed]

41. Samson, A.L.; Medcalf, R.L. Tissue-Type Plasminogen Activator: A Multifaceted Modulator of Neurotransmission and Synaptic
Plasticity. Neuron 2006, 50, 673–678. [CrossRef] [PubMed]

42. Qian, Z.; Gilbert, M.E.; Colicos, M.A.; Kandel, E.R.; Kuhl, D. Tissue-Plasminogen Activator is Induced as an Immediate-Early
Gene during Seizure, Kindling and Long-Term Potentiation. Nature 1993, 361, 453–457. [CrossRef] [PubMed]

43. Seeds, N.W.; Basham, M.E.; Ferguson, J.E. Absence of Tissue Plasminogen Activator Gene or Activity Impairs Mouse Cerebellar
Motor Learning. J. Neurosci. 2003, 23, 7368–7375. [CrossRef] [PubMed]

44. Seeds, N.W.; Williams, B.L.; Bickford, P.C. Tissue Plasminogen Activator Induction in Purkinje Neurons after Cerebellar Motor
Learning. Science 1995, 270, 1992–1994. [CrossRef]

45. Pawlak, R.; Magarinos, A.M.; Melchor, J.; McEwen, B.; Strickland, S. Tissue Plasminogen Activator in the Amygdala is Critical for
Stress-Induced Anxiety-Like Behavior. Nat. Neurosci. 2003, 6, 168–174. [CrossRef]

46. Stepanova, V.V.; Tkachuk, V.A. Urokinase as a Multidomain Protein and Polyfunctional Cell Regulator. Biochemistry 2002,
67, 109–118.

45



Int. J. Mol. Sci. 2021, 22, 4380

47. Danø, K.; Andreasen, P.; Grøndahl-Hansen, J.; Kristensen, P.; Nielsen, L.; Skriver, L. Plasminogen Activators, Tissue Degradation,
and Cancer. Adv. Cancer Res. 1985, 44, 139–266.

48. Stoppelli, M.; Tacchetti, C.; Cubellis, M.; Corti, A.; Hearings, V.J.; Cassani, G.; Appella, E.; Blasi, F. Autocrine Saturation of
Pro-urokinase Receptors on Human A431 Cells. Cell 1986, 45, 675–684. [CrossRef]

49. Cubellis, M.V.; Wun, T.C.; Blasi, F. Receptor-Mediated Internalization and Degradation of Urokinase is Caused by Its Specific
Inhibitor PAI-1. EMBO J. 1990, 9, 1079–1085. [CrossRef]

50. Cao, D.J.; Guo, Y.L.; Colman, R.W. Urokinase-Type Plasminogen Activator Receptor is Involved in Mediating the Apoptotic Effect
of Cleaved High Molecular Weight Kininogen in Human Endothelial Cells. Circ. Res. 2004, 94, 1227–1234. [CrossRef]

51. Breuss, J.M.; Uhrin, P. VEGF-Initiated Angiogenesis and the uPA/uPAR System. Cell Adh. Migr. 2012, 6, 535–615. [CrossRef]
52. Prager, G.W.; Breuss, J.M.; Steurer, S.; Mihaly, J.; Binder, B.R. Vascular Endothelial Growth Factor (VEGF) Induces Rapid

Prourokinase (pro-uPA) Activation on the Surface of Endothelial Cells. Blood 2004, 103, 955–962. [CrossRef]
53. Pepper, M.S.; Vassalli, J.D.; Montesano, R.; Orci, L. Urokinase-Type Plasminogen Activator is Induced in Migrating Capillary

Endothelial Cells. J. Cell Biol. 1987, 105, 2535–2541. [CrossRef]
54. Stie, J.; Fox, D. Induction of Brain Microvascular Endothelial Cell Urokinase Expression by Cryptococcus Neoformans Facilitates

Blood-Brain Barrier Invasion. PLoS ONE 2012, 7, e49402. [CrossRef]
55. Benton, R.L.; Maddie, M.A.; Dincman, T.A.; Hagg, T.; Whittemore, S.R. Transcriptional Activation of Endothelial Cells by TGFbeta

Coincides with Acute Microvascular Plasticity Following Focal Spinal Cord Ischaemia/Reperfusion Injury. ASN Neuro. 2009, 1,
AN20090008. [CrossRef]

56. Yamamoto, M.; Sawaya, R.; Mohanam, S.; Bindal, A.K.; Bruner, J.M.; Oka, K.; Rao, V.H.; Tomonaga, M.; Nicolson, G.L.; Rao,
J.S. Expression and Localization of Urokinase-Type Plasminogen Activator in Human Astrocytomas in Vivo. Cancer Res. 1994,
54, 3656–3661.

57. Diaz, A.; Merino, P.; Manrique, L.G.; Ospina, J.P.; Cheng, L.; Wu, F.; Jeanneret, V.; Yepes, M. A Cross-talk Between Neuronal
Urokinase-type Plasminogen Activator (uPA) and Astrocytic uPA Receptor (uPAR) Promotes Astrocytic Activation and Synaptic
Recovery in the Ischemic Brain. J. Neurosci. 2017, 37, 10310–10322. [CrossRef]

58. Diaz, A.; Merino, P.; Manrique, L.G.; Cheng, L.; Yepes, M. Urokinase-Type Plasminogen Activator (uPA) Protects the Tripartite
Synapse in the Ischemic Brain via Ezrin-Mediated Formation of Peripheral Astrocytic Processes. J. Cereb. Blood Flow Metab. 2018,
39, 2157–2171. [CrossRef]

59. Rudlin, C.R. A Three-Dimensional Representation of Linear Growth and Skeletal Maturation. Acta. Paediatr. Scand. Suppl. 1989,
356, 46–50. [CrossRef]

60. Merino, P.; Diaz, A.; Jeanneret, V.; Wu, F.; Torre, E.; Cheng, L.; Yepes, M. Urokinase-Type Plasminogen Activator (uPA)
Binding to the uPA Receptor (uPAR) Promotes Axonal Regeneration in the Central Nervous System. J. Biol. Chem. 2017, 292,
2741–2753. [CrossRef]

61. Wu, F.; Catano, M.; Echeverry, R.; Torre, E.; Haile, W.B.; An, J.; Chen, C.; Cheng, L.; Nicholson, A.; Tong, F.C.; et al. Urokinase-Type
Plasminogen Activator Promotes Dendritic Spine Recovery and Improves Neurological Outcome Following Ischemic Stroke. J.
Neurosci. 2014, 34, 14219–14232. [CrossRef] [PubMed]

62. Cho, E.; Lee, K.J.; Seo, J.-W.; Byun, C.J.; Chung, S.-J.; Suh, D.C.; Carmeliet, P.; Koh, J.-Y.; Kim, J.S.; Lee, J.-Y. Neuroprotection by
Urokinase Plasminogen Activator in the Hippocampus. Neurobiol. Dis. 2012, 46, 215–224. [CrossRef] [PubMed]

63. Lino, N.; Fiore, L.; Rapacioli, M.; Teruel, L.; Flores, V.; Scicolone, G.; Sánchez, V. uPA-uPAR Molecular Complex is Involved in
Cell Signaling during Neuronal Migration and Neuritogenesis. Dev. Dyn. 2014, 243, 676–689. [CrossRef] [PubMed]

64. Farias-Eisner, R.; Vician, L.; Silver, A.; Reddy, S.; Rabbani, S.A.; Herschman, H.R. The Urokinase Plasminogen Activator Receptor
(UPAR) is Preferentially Induced by Nerve Growth Factor in PC12 Pheochromocytoma Cells and is Required for NGF-Driven
Differentiation. J. Neurosci. 2000, 20, 230–239. [CrossRef]

65. Gilder, A.S.; Jones, K.A.; Hu, J.; Wang, L.; Chen, C.C.; Carter, B.S.; Gonias, S.L. Soluble Urokinase Receptor Is Released Selectively
by Glioblastoma Cells That Express Epidermal Growth Factor Receptor Variant III and Promotes Tumor Cell Migration and
Invasion. J. Biol. Chem. 2015, 2902, 14798–14809. [CrossRef]

66. Semina, E.; Rubina, K.; Sysoeva, V.; Rysenkova, K.; Klimovich, P.; Plekhanova, O.; Tkachuk, V. Urokinase and Urokinase Receptor
Participate in Regulation of Neuronal Migration, Axon Growth and Branching. Eur. J. Cell Biol. 2016, 95, 295–310. [CrossRef]

67. Rivellini, C.; Dina, G.; Porrello, E.; Cerri, F.; Scarlato, M.; Domi, T.; Ungaro, D.; Del Carro, U.; Bolino, A.; Quattrini, A.; et al.
Urokinase Plasminogen Receptor and the Fibrinolytic Complex Play a Role in Nerve Repair after Nerve Crush in Mice, and in
Human Neuropathies. PLoS ONE 2012, 7, e32059. [CrossRef]

68. Diaz, A.; Merino, P.; Guo, J.D.; Yepes, M.A.; McCann, P.; Katta, T.; Tong, E.M.; Torre, E.; Rangaraju, S.; Yepes, M. Urokinase-Type
Plasminogen Activator Protects Cerebral Cortical Neurons from Soluble Abeta-Induced Synaptic Damage. J. Neurosci. 2020, 40,
4251–4263. [CrossRef]

69. Feigin, V.L.; Norrving, B.; Mensah, G.A. Global Burden of Stroke. Circ. Res. 2017, 120, 439–448. [CrossRef]
70. Yepes, M.; Sandkvist, M.; Wong, M.K.; Coleman, T.A.; Smith, E.; Cohan, S.L.; Lawrence, D.A. Neuroserpin Reduces Cerebral

Infarct Volume and Protects Neurons from Ischemia-Induced Apoptosis. Blood 2000, 96, 569–576. [CrossRef]
71. Rossetti, L.; Hu, M. Skeletal Muscle Glycogenolysis is More Sensitive to Insulin than is Glucose Transport/Phosphorylation.

Relation to the Insulin-Mediated Inhibition of Hepatic Glucose Production. J. Clin. Investig. 1993, 92, 2963–2974. [CrossRef]

46



Int. J. Mol. Sci. 2021, 22, 4380

72. Gris, J.; Schved, J.; Brun, S.; Brunschwig, C.; Petris, I.; Lassonnery, M.; Martinez, P.; Sarlat, C. Venous Occlusion and Chronic
Cigarette Smoking: Dose-Dependent Decrease in the Measurable Release of Tissue-Type Plasminogen Activator and Von
Willebrand Factor. Atherosclerosis 1991, 91, 247–255. [CrossRef]

73. Gong, P.; Li, M.; Zou, C.; Tian, Q.; Xu, Z. Tissue Plasminogen Activator Causes Brain Microvascular Endothelial Cell Injury After
Oxygen Glucose Deprivation by Inhibiting Sonic Hedgehog Signaling. Neurochem. Res. 2019, 44, 441–449. [CrossRef]

74. Lindgren, A.; Lindoff, C.; Norrving, B.; Åstedt, B.; Johansson, B.B. Tissue Plasminogen Activator and Plasminogen Activator
Inhibitor-1 in Stroke Patients. Stroke 1996, 27, 1066–1071. [CrossRef]

75. The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group. Stroke rt. Tissue Plasminogen Activator
for Acute Ischemic Stroke. N. Engl. J. Med. 1995, 333, 1581–1587. [CrossRef]

76. Hacke, W.; Kaste, M.; Bluhmki, E.; Brozman, M.; Dávalos, A.; Guidetti, D.; Larrue, V.; Lees, K.R.; Medeghri, Z.; Machnig, T.; et al.
Thrombolysis with Alteplase 3 to 4.5 Hours after Acute Ischemic Stroke. N. Engl. J. Med. 2008, 359, 1317–1329. [CrossRef]

77. Van Geffen, M.; Cugno, M.; Lap, P.; Loof, A.; Cicardi, M.; Van Heerde, W. Alterations of Coagulation and Fibrinolysis in Patients
with Angioedema Due to C1-Inhibitor Deficiency. Clin. Exp. Immunol. 2012, 167, 472–478. [CrossRef]

78. Baker, S.K.; Chen, Z.-L.; Norris, E.H.; Revenko, A.S.; MacLeod, A.R.; Strickland, S. Blood-Derived Plasminogen Drives
Brain Inflammation and Plaque Deposition in a Mouse Model of Alzheimer’s Disease. Proc. Natl. Acad. Sci. USA 2018,
115, 9687–9696. [CrossRef]

79. Chen, Z.-L.; Revenko, A.S.; Singh, P.; MacLeod, A.R.; Norris, E.H.; Strickland, S. Depletion of Coagulation Factor XII Ameliorates
Brain Pathology and Cognitive Impairment in Alzheimer Disease Mice. Blood 2017, 129, 2547–2556. [CrossRef]

80. Draxler, D.F.; Lee, F.; Ho, H.; Keragala, C.B.; Medcalf, R.L.; Niego, B. t-PA Suppresses the Immune Response and Aggravates
Neurological Deficit in a Murine Model of Ischemic Stroke. Front Immunol. 2019, 10, 591. [CrossRef]

81. Graham, C.H.; Fitzpatrick, T.E.; McCrae, K.R. Hypoxia Stimulates Urokinase Receptor Expression through a Heme Protein-
Dependent Pathway. Blood 1998, 91, 3300–3307. [CrossRef] [PubMed]

82. E Kroon, M.; Koolwijk, P.; Van Der Vecht, B.; Van Hinsbergh, V.W. Urokinase Receptor Expression on Human Microvascular
Endothelial Cells is Increased by Hypoxia: Implications for Capillary-Like Tube Formation in a Fibrin Matrix. Blood 2000, 96,
2775–2783. [CrossRef]

83. Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-Induced Angiogenesis: Good and Evil. Genes Cancer 2011, 2, 1117–1133.
[CrossRef] [PubMed]

84. del Zoppo, G.J.; Higashida, R.T.; Furlan, A.J.; Pessin, M.S.; Rowley, H.A.; Gent, M. PROACT: A Phase II Randomized Trial of
Recombinant Pro-Urokinase by Direct Arterial Delivery in Acute Middle Cerebral Artery Stroke. PROACT Investigators. Prolyse
in Acute Cerebral Thromboembolism. Stroke 1998, 29, 4–11. [CrossRef]

85. Wardlaw, J.M. Overview of Cochrane Thrombolysis Meta-Analysis. Neurology 2001, 57, 69–76. [CrossRef]
86. Zhang, X.; Polavarapu, R.; She, H.; Mao, Z.; Yepes, M. Tissue-Type Plasminogen Activator and the Low-Density Lipoprotein

Receptor-Related Protein Mediate Cerebral Ischemia-Induced Nuclear Factor-kappaB Pathway Activation. Am. J. Pathol. 2007,
171, 1281–1290. [CrossRef]

87. Yepes, M.; Sandkvist, M.; Moore, E.G.; Bugge, T.H.; Strickland, D.K.; Lawrence, D.A. Tissue-Type Plasminogen Activator Induces
Opening of the Blood-Brain Barrier via the LDL Receptor-Related Protein. J. Clin. Investig. 2003, 112, 1533–1540. [CrossRef]

88. Kidwell, C.S.; Latour, L.; Saver, J.L.; Alger, J.R.; Starkman, S.; Duckwiler, G.; Jahan, R.; Viñuela, F.; Kang, D.-W.; Warach, S.
Thrombolytic Toxicity: Blood Brain Barrier Disruption in Human Ischemic Stroke. Cerebrovasc. Dis. 2008, 25, 338–343. [CrossRef]

89. Zhang, L.; Li, Y.; Zhang, C.; Chopp, M.; Gosiewska, A.; Hong, K. Delayed Administration of Human Umbilical Tissue-Derived
Cells Improved Neurological Functional Recovery in a Rodent Model of Focal Ischemia. Stroke 2011, 42, 1437–1444. [CrossRef]

90. Bretscher, A.; A Edwards, K.; Fehon, R.G. ERM Proteins and Merlin: Integrators at the Cell Cortex. Nat. Rev. Mol. Cell Biol. 2002,
3, 586–599. [CrossRef]

91. Tsukita, S.; Yonemura, S. Cortical Actin Organization: Lessons from ERM (Ezrin/Radixin/Moesin) Proteins. J. Biol. Chem. 1999,
274, 34507–34510. [CrossRef]

92. Fehon, R.G.; McClatchey, A.I.; Bretscher, A. Organizing the Cell Cortex: The Role of ERM Proteins. Nat. Rev. Mol. Cell Biol. 2010,
11, 276–287. [CrossRef]

93. Reichenbach, A.; Derouiche, A.; Kirchhoff, F. Morphology and Dynamics of Perisynaptic Glia. Brain Res. Rev. 2010, 63, 11–25. [CrossRef]
94. Lavialle, M.; Aumann, G.; Anlauf, E.; Pröls, F.; Arpin, M.; Derouiche, A. Structural Plasticity of Perisynaptic Astrocyte Processes

Involves Ezrin and Metabotropic Glutamate Receptors. Proc. Natl. Acad. Sci. USA 2011, 108, 12915–12919. [CrossRef]
95. Taylor, R.A.; Sansing, L.H. Microglial Responses after Ischemic Stroke and Intracerebral Hemorrhage. Clin. Dev. Immunol. 2013,

2013, 1–10. [CrossRef]
96. Gravanis, I.; Tsirka, S.E. Tissue Plasminogen Activator and Glial Function. Glia 2004, 49, 177–183. [CrossRef]
97. Zhang, C.; An, J.; Strickland, D.K.; Yepes, M. The Low-Density Lipoprotein Receptor-Related Protein 1 Mediates Tissue-Type

Plasminogen Activator-Induced Microglial Activation in the Ischemic Brain. Am. J. Pathol. 2009, 174, 586–594. [CrossRef]
98. Su, E.J.; Fredriksson, L.; Geyer, M.; Folestad, E.; Cale, J.; Andrae, J.; Gao, Y.; Pietras, K.; Mann, K.; Yepes, M.; et al. Activation of

PDGF-CC by Tissue Plasminogen Activator Impairs Blood-Brain Barrier Integrity during Ischemic Stroke. Nat. Med. 2008, 14,
731–737. [CrossRef]

47



Int. J. Mol. Sci. 2021, 22, 4380

99. Kuo, P.C.; Weng, W.T.; Scofield, B.A.; Furnas, D.; Paraiso, H.C.; Intriago, A.J.; Bosi, K.D.; Yu, I.C.; Yen, J.H. Interferon-Beta
Alleviates Delayed tPA-Induced Adverse Effects via Modulation of MMP3/9 Production in Ischemic Stroke. Blood Adv. 2020, 4,
4366–4381. [CrossRef]

100. Washington, R.A.; Becher, B.; Balabanov, R.; Antel, J.; Dore-Duffy, P. Expression of the Activation Marker Urokinase Plasminogen-
Activator Receptor in Cultured Human Central Nervous System Microglia. J. Neurosci. Res. 1996, 45, 392–399. [CrossRef]

101. Cunningham, O.; Campion, S.; Perry, V.H.; Murray, C.; Sidenius, N.; Docagne, F.; Cunningham, C. Microglia and the urokinase
plasminogen activator receptor/uPA system in innate brain inflammation. Glia 2009, 57, 1802–1814. [CrossRef] [PubMed]

102. Shin, S.M.; Cho, K.S.; Choi, M.S.; Lee, S.H.; Han, S.-H.; Kang, Y.-S.; Kim, H.J.; Cheong, J.H.; Shin, C.Y.; Ko, K.H. Urokinase-Type
Plasminogen Activator Induces BV-2 Microglial Cell Migration Through Activation of Matrix Metalloproteinase-9. Neurochem.
Res. 2010, 35, 976–985. [CrossRef] [PubMed]

103. Wang, Y.F.; Tsirka, S.E.; Strickland, S.; Stieg, P.E.; Soriano, S.G.; Lipton, S.A. Tissue plasminogen activator (tPA) increase neuronal
damage after focal cerebral ischemia in wild-type and tPA-deficient mice. Nat. Med. 1998, 4, 228–231. [CrossRef] [PubMed]

104. Echeverry, R.; Wu, J.; Haile, W.B.; Guzman, J.; Yepes, M. Tissue-type plasminogen activator is a neuroprotectant in the mouse
hippocampus. J. Clin. Investig. 2010, 120, 2194–2205. [CrossRef] [PubMed]

105. Nagai, N.; De Mol, M.; Lijnen, H.R.; Carmeliet, P.; Collen, D. Role of Plasminogen System Components in Focal Cerebral Ischemic
Infarction: A Gene Targeting and Gene Transfer Study in Mice. Circulation 1999, 99, 2440–2444. [CrossRef] [PubMed]

106. Tabrizi, P.; Wang, L.; Seeds, N.; McComb, J.G.; Yamada, S.; Griffin, J.H.; Carmeliet, P.; Weiss, M.H.; Zlokovic, B.V. Tissue
Plasminogen Activator (tPA) Deficiency Exacerbates Cerebrovascular Fibrin Deposition and Brain Injury in a Murine Stroke
Model: Studies in tPA-Deficient Mice and Wild-Type Mice on a Matched Genetic Background. Arterioscler. Thromb. Vasc. Biol.
1999, 19, 2801–2806. [CrossRef]

107. Wu, F.; Wu, J.; Nicholson, A.D.; Echeverry, R.; Haile, W.B.; Catano, M.; An, J.; Lee, A.K.; Duong, D.; Dammer, E.B.; et al.
Tissue-Type Plasminogen Activator Regulates the Neuronal Uptake of Glucose in the Ischemic Brain. J. Neurosci. 2012, 32,
9848–9858. [CrossRef]

108. Klein, G.M.; Li, H.; Sun, P.; Buchan, A.M. Tissue Plasminogen Activator does not Increase Neuronal Damage in Rat Models of
Global and Focal Ischemia. Neurology 1999, 52, 1381–1384. [CrossRef]

109. Hacke, W.; ATLANTIS Trials Investigators; ECASS Trials Investigators; NINDS rt-PA Study Group Investigators. Association
of Outcome with Early Stroke Treatment: Pooled Analysis of ATLANTIS, ECASS, and NINDS rt-PA Stroke Trials. Lancet 2004,
363, 768–774.

110. Adams, H.P., Jr.; Del Zoppo, G.; Alberts, M.J.; Bhatt, D.L.; Brass, L.; Furlan, A.; Grubb, R.L.; Higashida, R.T.; Jauch, E.C.;
Kidwell, C.; et al. Guidelines for the Early Management of Adults with Ischemic Stroke: A Guideline from the American Heart
Association/American Stroke Association Stroke Council, Clinical Cardiology Council, Cardiovascular Radiology and Interven-
tion Council, and the Atherosclerotic Peripheral Vascular Disease and Quality of Care Outcomes in Research Interdisciplinary
Working Groups: The American Academy of Neurology affirms the value of this guideline as an educational tool for neurologists.
Circulation 2007, 115, 478–534.

111. Haile, W.B.; Wu, J.; Echeverry, R.; Wu, F.; An, J.; Yepes, M. Tissue-Type Plasminogen Activator has a Neuroprotective Effect in the
Ischemic Brain Mediated by Neuronal TNF-α. J. Cereb. Blood Flow Metab. 2012, 32, 57–69. [CrossRef]

112. Tsirka, S.E.; Gualandris, A.; Amaral, D.G.; Strickland, S. Excitotoxin-induced neuronal degeneration and seizure are mediated by
tissue plasminogen activator. Nat. Cell Biol. 1995, 377, 340–344. [CrossRef]

113. Chen, Z.-L.; Strickland, S. Neuronal Death in the Hippocampus Is Promoted by Plasmin-Catalyzed Degradation of Laminin. Cell
1997, 91, 917–925. [CrossRef]

114. Reddrop, C.; Moldrich, R.X.; Beart, P.M.; Farso, M.; Liberatore, G.T.; Howells, D.W.; Petersen, K.-U.; Schleuning, W.-D.;
Medcalf, R.L. Vampire Bat Salivary Plasminogen Activator (Desmoteplase) Inhibits Tissue-Type Plasminogen Activator-Induced
Potentiation of Excitotoxic Injury. Stroke 2005, 36, 1241–1246. [CrossRef]

115. Wu, F.; Echeverry, R.; Wu, J.; An, J.; Haile, W.B.; Cooper, D.S.; Catano, M.; Yepes, M. Tissue-Type Plasminogen Activator Protects
Neurons from Excitotoxin-Induced Cell Death via Activation of the ERK1/2-CREB-ATF3 Signaling Pathway. Mol. Cell Neurosci.
2013, 52, 9–19. [CrossRef]

116. Salles, F.J.; Strickland, S. Localization and Regulation of the Tissue Plasminogen Activator-Plasmin System in the Hippocampus.
J. Neurosci. 2002, 22, 2125–2134. [CrossRef]

117. Kim, Y.H. Nonproteolytic Neuroprotection by Human Recombinant Tissue Plasminogen Activator. Science 1999, 284, 647–650. [CrossRef]
118. Parcq, J.; Bertrand, T.; Montagne, A.; Baron, A.F.; Macrez, R.; Billard, J.M.; Briens, A.; Hommet, Y.; Wu, J.; Yepes, M.; et al.

Unveiling an Exceptional Zymogen: The Single-Chain Form of tPA is a Selective Activator of NMDA Receptor-Dependent
Signaling and Neurotoxicity. Cell Death Differ. 2012, 19, 1983–1991. [CrossRef]

119. Anfray, A.; Brodin, C.; Drieu, A.; Potzeha, F.; Dalarun, B.; Agin, V.; Vivien, D.; Orset, C. Single- and Two- Chain Tissue
Type Plasminogen Activator Treatments Differentially Influence Cerebral Recovery after Stroke. Exp. Neurol. 2021, 338,
113606. [CrossRef]

120. Nagai, N.; Okada, K.; Kawao, N.; Ishida, C.; Ueshima, S.; Collen, D.; Matsuo, O. Urokinase-Type Plasminogen Activator receptor
(uPAR) Augments Brain Damage in a Murine Model of Ischemic Stroke. Neurosci. Lett. 2008, 432, 46–49. [CrossRef]

121. Morales, D.; McIntosh, T.; Conte, V.; Fujimoto, S.; Graham, D.; Grady, M.S.; Stein, S.C. Impaired Fibrinolysis and Traumatic Brain
Injury in Mice. J. Neurotrauma 2006, 23, 976–984. [CrossRef] [PubMed]

48



Int. J. Mol. Sci. 2021, 22, 4380

122. Yu, X.; Ji, C.; Shao, A. Neurovascular Unit Dysfunction and Neurodegenerative Disorders. Front. Neurosci. 2020, 14, 334.
[CrossRef] [PubMed]

123. Zlokovic, B.V. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron 2008, 57, 178–201.
[CrossRef] [PubMed]

124. Sloane, P.D.; Zimmerman, S.; Suchindran, C.; Reed, P.; Wang, L.; Boustani, M.; Sudha, S. The Public Health Impact of
Alzheimer’s Disease, 2000–2050: Potential Implication of Treatment Advances. Annu. Rev. Public Health 2002, 23, 213–231.
[CrossRef] [PubMed]

125. Kelleher, R.J.; Soiza, R.L. Evidence of Endothelial Dysfunction in the Development of Alzheimer’s Disease: Is Alzheimer’s a
Vascular Disorder? Am. J. Cardiovasc. Dis. 2013, 3, 197–226. [PubMed]

126. Kisler, K.; Nelson, A.R.; Montagne, A.; Zlokovic, B.V. Cerebral Blood Flow Regulation and Neurovascular Dysfunction in
Alzheimer Disease. Nat. Rev. Neurosci. 2017, 18, 419–434. [CrossRef] [PubMed]

127. Sweeney, M.D.; Kisler, K.; Montagne, A.; Toga, A.W.; Zlokovic, B.V. The role of brain vasculature in neurodegenerative disorders.
Nat. Neurosci. 2018, 21, 1318–1331. [CrossRef]

128. Park, L.; Zhou, J.; Koizumi, K.; Wang, G.; Anfray, A.; Ahn, S.J.; Seo, J.; Zhou, P.; Zhao, L.; Paul, S.; et al. tPA Deficiency Underlies
Neurovascular Coupling Dysfunction by Amyloid-beta. J. Neurosci. 2020, 40, 8160–8173. [CrossRef]

129. Davis, J.; Wagner, M.R.; Zhang, W.; Xu, F.; Van Nostrand, W.E. Amyloid Beta-Protein Stimulates the Expression of Urokinase-Type
Plasminogen Activator (uPA) and Its Receptor (uPAR) in Human Cerebrovascular Smooth Muscle Cells. J. Biol. Chem. 2003, 278,
19054–19061. [CrossRef]

130. Storck, S.E.; Meister, S.; Nahrath, J.; Meißner, J.N.; Schubert, N.; Di Spiezio, A.; Baches, S.; Vandenbroucke, R.E.; Bouter, Y.;
Prikulis, I.; et al. Endothelial LRP1 Transports Amyloid-Beta(1-42) Across the Blood-Brain Barrier. J. Clin. Investig. 2016, 126,
123–136. [CrossRef]

131. Lillis, A.P.; Mikhailenko, I.; Strickland, D.K. Beyond Endocytosis: LRP Function in Cell Migration, Proliferation and Vascular
Permeability. J. Thromb. Haemost. 2005, 3, 1884–1893. [CrossRef]

132. Rodríguez-Arellano, J.; Parpura, V.; Zorec, R.; Verkhratsky, A. Astrocytes in Physiological Aging and Alzheimer’s Disease.
Neurosci. 2016, 323, 170–182. [CrossRef]

133. A Bates, K.; Fonte, J.; A Robertson, T.; Martins, R.N.; Harvey, A.R. Chronic Gliosis Triggers Alzheimer’s Disease-Like Processing
of Amyloid Precursor Protein. Neurosci. 2002, 113, 785–796. [CrossRef]

134. Habib, N.; McCabe, C.; Medina, S.; Varshavsky, M.; Kitsberg, D.; Dvir-Szternfeld, R.; Green, G.; Dionne, D.; Nguyen, L.; Marshall,
J.L.; et al. Disease-Associated Astrocytes in Alzheimer’s Disease and Aging. Nat. Neurosci. 2020, 23, 701–706. [CrossRef]

135. Ballabh, P.; Braun, A.; Nedergaard, M. The Blood-Brain Barrier: An Overview: Structure, Regulation, and Clinical Implications.
Neurobiol. Dis. 2004, 16, 1–13. [CrossRef]

136. Montagne, A.; Barnes, S.R.; Sweeney, M.D.; Halliday, M.R.; Sagare, A.P.; Zhao, Z.; Toga, A.W.; Jacobs, R.E.; Liu, C.Y.; Amezcua, L.;
et al. Blood-Brain Barrier Breakdown in the Aging Human Hippocampus. Neuron 2015, 85, 296–302. [CrossRef]

137. Kuchibhotla, K.V.; Lattarulo, C.R.; Hyman, B.T.; Bacskai, B.J. Synchronous Hyperactivity and Intercellular Calcium Waves in
Astrocytes in Alzheimer Mice. Science 2009, 323, 1211–1215. [CrossRef]

138. Hemonnot, A.-L.; Hua, J.; Ulmann, L.; Hirbec, H. Microglia in Alzheimer Disease: Well-Known Targets and New Opportunities.
Front. Aging Neurosci. 2019, 11, 233. [CrossRef] [PubMed]

139. Griffin, W.S.; Stanley, L.C.; Ling, C.; White, L.; MacLeod, V.; Perrot, L.J.; White, C.L.; Araoz, C. Brain interleukin 1 and S-100
immunoreactivity are elevated in Down syndrome and Alzheimer disease. Proc. Natl. Acad. Sci. USA 1989, 86, 7611–7615.
[CrossRef] [PubMed]

140. Hansen, D.V.; Hanson, J.E.; Sheng, M. Microglia in Alzheimer’s Disease. J. Cell Biol. 2018, 217, 459–472. [CrossRef]
141. Mehra, A.; Ali, C.; Parcq, J.; Vivien, D.; Docagne, F. The Plasminogen Activation System in Neuroinflammation. Biochim. et

Biophys. Acta (BBA) Mol. Basis Dis. 2016, 1862, 395–402. [CrossRef]
142. ElAli, A.; Bordeleau, M.; Thériault, P.; Filali, M.; Lampron, A.; Rivest, S. Tissue-Plasminogen Activator Attenuates

Alzheimer’s Disease-Related Pathology Development in APPswe/PS1 Mice. Neuropsychopharmacology 2016, 41, 1297–1307.
[CrossRef] [PubMed]

143. Walker, D.G.; Lue, L.F.; Beach, T.G. Increased Expression of the Urokinase Plasminogen-Activator Receptor in Amyloid Beta
Peptide-Treated Human Brain Microglia and in AD Brains. Brain Res. 2002, 926, 69–79. [CrossRef]

144. Hopperton, K.E.; Mohammad, D.; O Trépanier, M.; Giuliano, V.; Bazinet, R.P. Markers of Microglia in Post-Mortem Brain Samples
from Patients with Alzheimer’s Disease: A Systematic Review. Mol. Psychiatry 2018, 23, 177–198. [CrossRef]

145. Hawkins, B.T.; Davis, T.P. The Blood-Brain Barrier/Neurovascular Unit in Health and Disease. Pharmacol. Rev. 2005, 57,
173–185. [CrossRef]

146. Muller, U.C.; Deller, T.; Korte, M. Not Just Amyloid: Physiological Functions of the Amyloid Precursor Protein Family. Nat. Rev.
Neurosci. 2017, 18, 281–298. [CrossRef]

147. Selkoe, D.J. Toward a Comprehensive Theory for Alzheimer’s Disease. Hypothesis: Alzheimer’s Disease is Caused by the
Cerebral Accumulation and Cytotoxicity of Amyloid Beta-Protein. Ann. NY Acad. Sci. 2000, 924, 17–25. [CrossRef]

148. Selkoe, D.J.; Yamazaki, T.; Citron, M.; Podlisny, M.B.; Koo, E.H.; Teplow, D.B.; Haass, C. The Role of APP Processing and
Trafficking Pathways in the Formation of Amyloid Beta-Protein. Ann. NY Acad. Sci. 1996, 777, 57–64. [CrossRef]

49



Int. J. Mol. Sci. 2021, 22, 4380

149. Kamenetz, F.; Tomita, T.; Hsieh, H.; Seabrook, G.; Borchelt, D.; Iwatsubo, T.; Sisodia, S.; Malinow, R. APP Processing and Synaptic
Function. Neuron 2003, 37, 925–937. [CrossRef]

150. Blennow, K.; de Leon, M.J.; Zetterberg, H. Alzheimer’s Disease. Lancet 2006, 368, 387–403. [CrossRef]
151. Collaborators, G.B.D.D. Global, Regional, and National Burden of Alzheimer’s Disease and Other Dementias, 1990–2016: A

Systematic Analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 88–106.
152. Almeida, C.G.; Tampellini, D.; Takahashi, R.H.; Greengard, P.; Lin, M.T.; Snyder, E.M.; Gouras, G.K. Beta-Amyloid Accumulation

in APP Mutant Neurons Reduces PSD-95 and GluR1 in Synapses. Neurobiol. Dis. 2005, 20, 187–198. [CrossRef] [PubMed]
153. Aizenstein, H.J.; Nebes, R.D.; Saxton, J.A.; Price, J.C.; Mathis, C.A.; Tsopelas, N.D.; Ziolko, S.K.; James, J.A.; Snitz, B.E.; Houck,

P.R.; et al. Frequent Amyloid Deposition Without Significant Cognitive Impairment Among the Elderly. Arch. Neurol. 2008, 65,
1509–1517. [CrossRef] [PubMed]

154. Lowe, S.L.; Willis, B.A.; Hawdon, A.; Natanegara, F.; Chua, L.; Foster, J.; Shcherbinin, S.; Ardayfio, P.; Sims, J.R. Donanemab
(LY3002813) Dose-Escalation Study in Alzheimer’s Disease. Alzheimers Dement (NY) 2021, 7, e12112.

155. Ledesma, M.D.; Da Silva, J.S.; Crassaerts, K.; Delacourte, A.; De Strooper, B.; Dotti, C.G. Brain Plasmin Enhances APP Alpha-
Cleavage and Abeta Degradation and is Reduced in Alzheimer’s Disease Brains. EMBO Rep. 2000, 1, 530–535. [CrossRef]

156. Tucker, H.M.; Kihiko, M.; Caldwell, J.N.; Wright, S.; Kawarabayashi, T.; Price, D.; Walker, D.; Scheff, S.; McGillis, J.P.; Rydel, R.E.;
et al. The Plasmin System is Induced by and Degrades Amyloid-Beta Aggregates. J. Neurosci. 2000, 20, 3937–3946. [CrossRef]

157. Tucker, H.M.; Kihiko-Ehmann, M.; Wright, S.; Rydel, R.E.; Estus, S. Tissue Plasminogen Activator Requires Plasminogen to
Modulate Amyloid-Beta Neurotoxicity and Deposition. J. Neurochem. 2000, 75, 2172–2177. [CrossRef]

158. Fabbro, S.; Seeds, N.W. Plasminogen activator activity is inhibited while neuroserpin is up-regulated in the Alzheimer disease
brain. J. Neurochem. 2009, 109, 303–315. [CrossRef]

159. Barker, R.; Love, S.; Kehoe, P.G. Plasminogen and Plasmin in Alzheimer’s Disease. Brain Res. 2010, 1355, 7–15. [CrossRef]
160. Dotti, C.G.; Galvan, C.; Ledesma, M.D. Plasmin Deficiency in Alzheimer’s Disease Brains: Causal or Casual? Neurodegener. Dis.

2004, 1, 205–212. [CrossRef]
161. Kingston, I.B.; Castro, M.J.; Anderson, S. In Vitro Stimulation of Tissue-Type Plasminogen Activator by Alzheimer Amyloid

Beta-Peptide Analogues. Nat. Med. 1995, 1, 138–142. [CrossRef] [PubMed]
162. Melchor, J.P.; Pawlak, R.; Strickland, S. The Tissue Plasminogen Activator-Plasminogen Proteolytic Cascade Accelerates Amyloid-

Beta (Abeta) Degradation and Inhibits Abeta-Induced Neurodegeneration. J. Neurosci. 2003, 23, 8867–8871. [CrossRef] [PubMed]
163. Sutton, R.; Keohane, M.E.; Vandenberg, S.R.; Gonias, S.L. Plasminogen activator inhibitor-1 in the cerebrospinal fluid as an index

of neurological disease. Blood Coagul. Fibrinolysis 1994, 5, 167–172. [CrossRef] [PubMed]
164. Liu, R.M.; Van Groen, T.; Katre, A.; Cao, D.; Kadisha, I.; Ballinger, C.; Wang, L.; Carroll, S.L.; Li, L. Knockout of Plasminogen

Activator Inhibitor 1 Gene Reduces Amyloid Beta Peptide Burden in a Mouse Model of Alzheimer’s Disease. Neurobiol. Aging
2011, 32, 1079–1089. [CrossRef]

165. Medina, M.G.; Ledesma, M.D.; Domínguez, J.E.; Medina, M.; Zafra, D.; Alameda, F.; Dotti, C.G.; Navarro, P. Tissue Plasminogen
Activator Mediates Amyloid-Induced Neurotoxicity via Erk1/2 Activation. EMBO J. 2005, 24, 1706–1716. [CrossRef]

166. Tucker, H.M.; Kihiko-Ehmann, M.; Estus, S. Urokinase-Type Plasminogen Activator Inhibits Amyloid-Beta Neurotoxicity and
Fibrillogenesis via Plasminogen. J. Neurosci. Res. 2002, 70, 249–255. [CrossRef]

167. Price, J.L.; Morris, J.C. Tangles and Plaques in Nondemented Aging and "Preclinical" Alzheimer’s Disease. Ann. Neurol. 1999, 45,
358–368. [CrossRef]

168. Terry, R.D.; Masliah, E.; Salmon, D.P.; Butters, N.; DeTeresa, R.; Hill, R.; Hansen, L.A.; Katzman, R. Physical Basis of Cognitive
Alterations in Alzheimer’s Disease: Synapse Loss is the Major Correlate of Cognitive Impairment. Ann. Neurol. 1991, 30,
572–580. [CrossRef]

169. Selkoe, D.J. Alzheimer’s Disease is A Synaptic Failure. Science 2002, 298, 789–791. [CrossRef]
170. Palop, J.J.; Mucke, L. Amyloid-Beta-Induced Neuronal Dysfunction in Alzheimer’s Disease: From Synapses toward Neural

Networks. Nat Neurosci. 2010, 13, 812–818. [CrossRef]
171. Hsieh, H.; Boehm, J.; Sato, C.; Iwatsubo, T.; Tomita, T.; Sisodia, S.; Malinow, R. AMPAR Removal Underlies Abeta-Induced

Synaptic Depression and Dendritic Spine Loss. Neuron 2006, 52, 831–843. [CrossRef]
172. Li, S.; Hong, S.; Shepardson, N.E.; Walsh, D.M.; Shankar, G.M.; Selkoe, D. Soluble Oligomers of Amyloid Beta Protein Facilitate

Hippocampal Long-Term Depression by Disrupting Neuronal Glutamate Uptake. Neuron 2009, 62, 788–801. [CrossRef]
173. Cleary, J.P.; Walsh, D.M.; Hofmeister, J.J.; Shankar, G.M.; Kuskowski, M.A.; Selkoe, D.J.; Ashe, K.H. Natural Oligomers of the

Amyloid-Beta Protein Specifically Disrupt Cognitive Function. Nat. Neurosci. 2005, 8, 79–84. [CrossRef]
174. Stratton, J.R.; Chandler, W.L.; Schwartz, R.S.; Cerqueira, M.D.; Levy, W.C.; E Kahn, S.; Larson, V.G.; Cain, K.C.; Beard, J.C.; Abrass,

I.B. Effects of physical conditioning on fibrinolytic variables and fibrinogen in young and old healthy adults. Circulation 1991, 83,
1692–1697. [CrossRef]

175. Yaffe, K.; Barnes, D.; Nevitt, M.; Lui, L.Y.; Covinsky, K. A Prospective Study of Physical Activity and Cognitive Decline in Elderly
Women: Women Who Walk. Arch. Intern. Med. 2001, 161, 1703–1708. [CrossRef]

176. Smith, P.J.; Blumenthal, J.A.; Hoffman, B.M.; Cooper, H.; Strauman, T.A.; Welsh-Bohmer, K.; Browndyke, J.N.; Sherwood, A.
Aerobic Exercise and Neurocognitive Performance: A Meta-Analytic Review of Randomized Controlled Trials. Psychosom. Med.
2010, 72, 239–252. [CrossRef]

50



Int. J. Mol. Sci. 2021, 22, 4380

177. Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, J.; Schrag, A.E.; Lang, A.E. Parkinson Disease. Nat.
Rev. Dis. Primers. 2017, 3, 17013. [CrossRef]

178. Kim, K.S.; Choi, Y.R.; Park, J.Y.; Lee, J.H.; Kim, D.K.; Lee, S.J.; Paik, S.R.; Jou, I.; Park, S.M. Proteolytic Cleavage of Extracellular
Alpha-Synuclein by Plasmin: Implications for Parkinson Disease. J. Biol. Chem. 2012, 287, 24862–24872. [CrossRef]

179. Reuland, C.J.; Church, F.C. Synergy between plasminogen activator inhibitor-1, α-synuclein, and neuroinflammation in Parkin-
son’s disease. Med. Hypotheses 2020, 138, 109602. [CrossRef]

180. Pan, H.; Zhao, Y.; Zhai, Z.; Zheng, J.; Zhou, Y.; Zhai, Q.; Cao, X.; Tian, J.; Zhao, L. Role of Plasminogen Activator Inhibitor-1 in the
Diagnosis and Prognosis of Patients with Parkinson’s Disease. Exp. Ther. Med. 2018, 15, 5517–5522. [CrossRef]

181. Demestre, M.; Howard, R.S.; Orrell, R.W.; Pullen, A.H. Serine proteases purified from sera of patients with amyotrophic lateral
sclerosis (ALS) induce contrasting cytopathology in murine motoneurones to IgG. Neuropathol. Appl. Neurobiol. 2006, 32, 141–156.
[CrossRef] [PubMed]

182. Glas, M.; Popp, B.; Angele, B.; Koedel, U.; Chahli, C.; Schmalix, W.; Anneser, J.; Pfister, H.; Lorenzl, S. A role for the urokinase-type
plasminogen activator system in amyotrophic lateral sclerosis. Exp. Neurol. 2007, 207, 350–356. [CrossRef] [PubMed]

51





 International Journal of 

Molecular Sciences

Review

Fibrinolytic System and Cancer: Diagnostic and
Therapeutic Applications

Niaz Mahmood 1,2 and Shafaat A. Rabbani 1,2,*

Citation: Mahmood, N.; Rabbani,

S.A. Fibrinolytic System and Cancer:

Diagnostic and Therapeutic

Applications. Int. J. Mol. Sci. 2021, 22,

4358. https://doi.org/10.3390/

ijms22094358

Academic Editor: Hau C. Kwaan

Received: 28 February 2021

Accepted: 19 April 2021

Published: 22 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Department of Medicine, McGill University, Montréal, QC H4A3J1, Canada; niaz.mahmood@mail.mcgill.ca
2 Department of Medicine, McGill University Health Centre, Montréal, QC H4A3J1, Canada
* Correspondence: shafaat.rabbani@mcgill.ca

Abstract: Fibrinolysis is a crucial physiological process that helps to maintain a hemostatic balance by
counteracting excessive thrombosis. The components of the fibrinolytic system are well established
and are associated with a wide array of physiological and pathophysiological processes. The aberrant
expression of several components, especially urokinase-type plasminogen activator (uPA), its cognate
receptor uPAR, and plasminogen activator inhibitor-1 (PAI-1), has shown a direct correlation with
increased tumor growth, invasiveness, and metastasis. As a result, targeting the fibrinolytic system
has been of great interest in the field of cancer biology. Even though there is a plethora of encouraging
preclinical evidence on the potential therapeutic benefits of targeting the key oncogenic components
of the fibrinolytic system, none of them made it from “bench to bedside” due to a limited number of
clinical trials on them. This review summarizes our existing understanding of the various diagnostic
and therapeutic strategies targeting the fibrinolytic system during cancer.

Keywords: uPA; uPAR; PAI-1; PA system; cancer

1. Fibrinolysis and Fibrinolytic System: An Introduction

The association between fibrinolysis and cancer has been known for more than a
hundred years. In the early part of the 20th century, it was reported that tumor tissues
possess fibrinolytic properties [1,2]. Fischer observed that explants of tumors obtained
from viral sarcomas in chickens could cause the breakdown of blood clots, whereas the
explants obtained from normal connective tissue lacked such activity [3]. However, the
importance of fibrinolysis during cancer progression remained underappreciated until the
early 1970s, when the involvement of a proteolytic enzyme that increases fibrinolysis during
oncogenic transformation was described [4,5]. Since then, understanding the biology of
fibrinolysis during cancer progression as well as its therapeutic targeting has gained much
attention. The increase in fibrinolytic activity in the tumor is primarily attributed to the
plasminogen activators (PA) secreted by the tumors [6], and therefore the fibrinolytic
system is interchangeably designated as the PA system in cancer. It is now well established
that several components belonging to the fibrinolytic system are deregulated in cancer [7].

In normal physiological conditions, fibrinolysis refers to the enzymatic degradation
process of the fibrin mesh of blood clots and is facilitated by the components of the
PA system including the key protease plasmin, its precursor inactive plasminogen, and
activators tissue- and urokinase-type plasminogen activators (tPA and uPA) [7]. Plasmin
is primarily derived from inactive plasminogen by the action of either tPA or uPA. Once
activated, plasmin degrades the accumulated fibrin into soluble fibrin degradation products
(FDP). Plasmin activities are balanced by plasmin inhibitors α2-antiplasmin (α2-AP) and
α2-macroglobulin to counteract the free plasmin concentration [8,9]. On the other hand,
plasminogen activator inhibitor-1 (PAI-1) and -2 (PAI-2) and activated protein C inhibitor
(PAI-3) modulate the function of plasminogen activators (tPA or uPA) [7,8,10,11]. The
components of the fibrinolytic system play crucial roles in various other biological processes
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that include cell migration, tissue remodeling, modulation of various growth factors and
cytokines, regulation of immune response, and chemotaxis [12–16].

Plasmin can directly deregulate the fibrinolytic system in various pathological condi-
tions including cancer; however, therapeutic targeting of plasmin is not always a feasible
option in clinical settings. This is due to the role of plasmin in crucial physiological pro-
cesses such as tissue remodeling and thrombolysis [10], and blocking plasmin activity
may lead to systemic disorders. Ploplis et al. demonstrated that animals with homozy-
gous deletion of the plasminogen (Plg−/−) gene showed growth retardation and reduced
fertility and survival compared to the wildtype (Plg+/+) group [17]. However, targeting
the molecular factors (tPA, uPA, uPAR, and PAI-1) that are upstream of plasminogen did
not impair normal growth characteristics of the animals. While there is strong evidence
suggesting the involvement of uPA, uPA receptor (uPAR), and PAI-1 in various stages
of cancer growth and progression, tPA is less commonly associated with cancer [7]. For
example, Shapiro et al. showed that depletion of uPA inhibits tumorigenesis in a rodent
model of melanoma by limiting the availability of critical growth-promoting factors such
as the basic fibroblast growth factor (bFGF) in the tumor microenvironment [18]. Loss-of-
function assays against uPA and uPAR genes increased apoptosis of cancer cells [19,20].
Furthermore, the uPA/uPAR/PAI-1 axis has been shown to play a critical role in mediating
angiogenesis and metastasis in different types of cancer via the modulation of several well-
known cancer-related signaling pathways such as the Ras/Raf/MEK/ERK and PI3K/AKT
pathways [20–23]. Therefore, attempts to pharmacologically target uPA, uPAR, and PAI-1
have been made in the case of almost all types of cancer. For the rest of the review, we will
therefore focus on these three components (uPA, uPAR, and PAI-1) of the fibrinolytic system
and describe the advances made to target them in cancer therapeutics and diagnostics.

2. Components of the Fibrinolytic System as Diagnostic Biomarkers

Due to the extensively described multifaceted role of the components of the fibrinolytic
system during different stages of cancer progression, various efforts have been conducted
for their use in diagnostic approaches [9]. Some key examples of the potential use of the
fibrinolytic components in cancer diagnosis are described below.

2.1. uPA and PAI-1 as Cancer Biomarkers

Around three decades ago, Duffy et al. first described that breast cancer patients show-
ing a higher activity of uPA had a significantly shorter disease-free interval compared to
those with lower uPA activity [24]. Later on, Jänicke et al., in two separate studies, reported
on the elevated levels of uPA and PAI-1 proteins in primary breast tumors, which correlated
with the poor prognosis of the patients [25,26]. Using data from 8377 breast cancer patients,
it was further confirmed that the higher levels of uPA and/or PAI-1 in breast tumors
correlate with the aggressiveness of cancer and poor relapse-free and overall survival of the
cancer patients [27]. The clinical utility of uPA and PAI-1 as biomarkers has been demon-
strated by two separate level-of-evidence-1 studies [28,29]. Several commercially available
enzyme-linked immunosorbent assay (ELISA) kits have been developed for detecting
the levels of uPA and PAI-1 proteins [30]. The clinical utility of one of the commercially
available ELISA kits, FEMTELLE®, was further validated by a multicenter external quality
assessment (EQA) program [31]. The results from six independent laboratories showed
that the coefficient of variation (CV) to detect uPA and PAI-1 by using the FEMTELLE® kit
ranged between 6.2–8.2% and 13.2–16.6%, respectively [31,32]. The American Society of
Clinical Oncology (ASCO) recommended using an ELISA test to measure uPA and PAI-1
levels as prognostic markers for assessing the risk of breast cancer and a predictive marker
to determine the suitable adjuvant therapies for the patients [33]. One of the major caveats
of ELISA-based assays is the requirement of either fresh or fresh-frozen tissue samples,
which is logistically challenging [34]. Therefore, the use of alternative methods without
the need for freshly processed samples to determine the uPA and PAI-1 levels has been
explored. The utilization of formalin-fixed paraffin-embedded tissues to assess uPA and
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PAI-1 seems to be the most straightforward solution; however, the presence of uPA and
PAI-1 antigens in both the tumor and stroma cells makes consistent immunohistochemical
scoring very challenging [34]. With the emerging use of machine learning algorithms in
various aspects of biology, it would be interesting if artificial intelligence (AI) technology
can be used in this regard to automatically distinguish the tumor and surrounding stromal
tissue and thereby solve a long-standing biological problem.

Several groups have attempted to measure uPA (also known as the PLAU gene)
and PAI-1 (also known as SERPINE1) mRNAs in cancer through quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) [35,36] and nucleic acid sequence-
based amplification (NASBA) assays [37]. Even though the use of the mRNA-based
approach does not require fresh/fresh-frozen tissues, the incongruities between the studies
to quantify and use the uPA and PAI-1 mRNAs as biomarkers for cancer patients prevented
their use in clinical settings [34]. The recent advancements in sequencing technologies
may overcome the cross-laboratory discrepancies in mRNA measurement, and targeted
sequencing of uPA and PAI-1 mRNA may provide concrete evidence as to whether they
can be used as biomarkers for cancer patients.

Epigenetic modification through DNA methylation provides an additional layer of
transcriptional regulation of gene expression [38]. Anomalous DNA methylation is a hall-
mark of cancer [38], and DNA methylation-based biomarkers are emerging as promising
frontiers for cancer diagnosis [39]. The higher stability of DNA, as well as its methylation
marks and the fact that it can be efficiently isolated from formalin-fixed paraffin-embedded
tissue samples, makes it well suited for use as diagnostic biomarkers [34]. Our group
was the first to test and report the alteration in the status of uPA promoter methylation in
cancer cells [40]. We further demonstrated an inverse association between uPA promoter
DNA methylation and its mRNA expression as the tumor progresses to a more clinically
aggressive grade [41]. uPA promoter methylation is decreased as the cancer becomes more
aggressive, which indicates that the assessment of uPA promoter methylation may serve
as an early diagnostic marker. A similar inverse relationship between mRNA expression
and promoter DNA methylation has been demonstrated in the case of the PAI-1 gene [42].
DNA methylation assays are relatively simple to develop [39], and the advent of targeted
sequencing technologies made it easier to assess the methylation sites on a specific location
of the genome. Further studies on uPA and PAI-1 promoter methylation using larger
cohorts of cancer patients belonging to different demographics are warranted to confirm
their prognostic significance in cancer diagnosis.

2.2. uPAR as a Diagnostic Biomarker

Among the various members of the fibrinolytic system, uPAR holds a dominant
position in terms of its applicability in cancer diagnosis and therapeutics. This is because
of the fact that uPAR is scarcely present in healthy tissues, but its levels are elevated in
malignancies where it is often associated with the aggressiveness of the cancer [9,43]. These
characteristics of uPAR make it an ideal candidate for non-invasive imaging for cancer
diagnosis and response to therapy. Almost two decades ago, we had shown that when
an anti-rat uPAR antibody radiolabeled with 125I was inoculated into animals with pre-
established prostate and mammary tumors, an increase in radioactivity was determined in
the primary tumors as well as various metastatic sites [44]. However, the rats receiving
control IgG antibody radiolabeled with 125I showed minimum radioactivity. This study
suggested that uPAR imaging can be used for cancer diagnosis.

Various attempts have been made by different groups to utilize uPAR for cancer
diagnosis. A small molecule uPAR binding peptide called AE105 in conjugation with 64Cu-
labeled DOTA was evaluated for positron-emission tomography (PET)-based molecular
imaging [45,46]. In 2015, Persson et al. reported on the utilization of AE105 for the first
ever uPAR PET scanning in humans [47]. Several other groups are using a uPAR-based
imaging strategy to determine the aggressiveness of cancer in humans, and there are more
than ten clinical trials that are either ongoing or have recently been completed. Some of the
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ongoing clinical trials include NCT02965001 (for head and neck cancer), NCT03307460 (for
prostate cancer), NCT03278275 (neuroendocrine tumors), and NCT02755675 (malignant
pleural mesothelioma, non-small cell lung cancer, and large cell neuroendocrine carcinoma
of the lung).

Antibodies targeting uPAR (such as ATN-658, 2G10) and uPA (ATN-291) were also
utilized for cancer imaging [48–50]. One of the major advantages of using antibodies for
oncological imaging is that they possess a relatively longer half-life in the serum compared
to peptide-based agents, thereby prolonging the timeframes for cancer imaging up to
days [47,51]. On the other hand, the half-life of peptide-based agents such as AE105 is
shorter, and the imaging timeframes may last several hours only [47]. Yang et al. targeted
uPAR imaging through conjugation of the amino-terminal fragment (ATF) of uPA with
magnetic iron oxide nanoparticles (ATF-IO) for imaging mammary tumors in vivo [52]. In
summary, regardless of the strategies used, uPAR-based oncological imaging holds great
promise for cancer diagnosis.

2.3. suPAR as a Cancer Biomarker

Another important avenue that holds great promise but needs more exploration
is using soluble urokinase plasminogen activator receptor (suPAR) from body fluids as
a biomarker of cancer. The plasma levels of suPAR are elevated in different types of
pathological conditions such as inflammation, autoimmune diseases, virus infection, and
chronic kidney diseases, where they serve as plasma biomarkers [53–56]. Rovina et al.
demonstrated that suPAR can be potentially used as an early marker of respiratory failure
in patients suffering from COVID-19-related pneumonia [57]. Elevated levels of suPAR
were found in different types of cancer including colon, lung, prostate, breast, and ovarian
cancers [53,58–61].

There two main forms of suPAR in the circulation: (i) the full-length suPAR, and (ii)
the cleaved soluble uPAR (containing the D2 and D3 domains of uPAR) [62]. Due to the
lack of the N-terminal domain, the cleaved form of suPAR cannot bind to most of the
uPAR ligands, with the exception of formyl peptide receptor (FPR)-like 1 and 2 that do
not require the presence of the D1 domain [62,63]. Therefore, the full-length suPAR is also
known as the active form of suPAR and is more suitable as a biomarker than the cleaved
form [10]. Different types of ELISA-based commercial kits are available, but there are
variabilities between the kits. More recently, Winnicki et al. compared the performance of
two well-known ELISA kits (Quantikine Human uPAR ELISA and suPARnostic™ assay)
for kidney disease [64]. They took samples from patients suffering from kidney disease
and compared them to healthy controls and found that the cut-off values vary between the
two ELISA kits. Similar studies are also warranted in the case of cancer in order to exploit
the true diagnostic potential of suPAR.

3. Therapeutic Targeting of the Fibrinolytic System

Among the components of the fibrinolytic system, uPA was the first to be targeted for
the treatment of cancer. Over the years, different classes of agents were used to target uPA.
Some of the most important ones are summarized below and depicted in Figure 1.
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Figure 1. Components of the fibrinolytic system. The drug/inhibitors targeting the key members of the fibrinolytic system
(uPA, uPAR, and PAI-1) that are deregulated in cancer are listed inside the colored boxes.

3.1. Small Molecule Inhibitors of uPA

In 1987, Vassalli et al. reported that amiloride could selectively block the catalytic
activity of uPA [65]. Later on, by some modification in the amiloride structure, Towle
et al. developed a novel class of small molecule inhibitors that interfered with the catalytic
activity of uPA [66]. Further investigations of two compounds (B-428 and B-623) belonging
to this class revealed that they possess higher inhibitory effects than amiloride to repress
the uPA catalytic activity. Subsequently, work from our group demonstrated that B-428
administration significantly reduced prostate cancer growth and metastasis in vivo without
causing any detrimental side effects [67]. We then checked whether single-agent treatment
with B-428 could show similar anti-cancer effects in the case of other types of cancer and
found that the inhibitor caused a statistically significant reduction in breast tumor volume
and metastatic spread into the distant organ in preclinical settings [68]. Furthermore,
B-428 in combination with tamoxifen (an approved drug for the treatment of hormone
receptor-positive breast cancer) additively reduced mammary tumor volume and distant
metastasis in vivo. CJ-463 is another small molecule inhibitor of uPA with an inhibitory
constant (Ki) value of 20 nM [69] and significantly reduced tumor volume and metastasis in
a murine model of lung cancer [70]. Wilex AG, a biopharmaceutical company, developed
several potent uPA inhibitors that went to human clinical trials, where they showed some
promising results. WX-UK1, a small molecule uPA inhibitor from Wilex AG, significantly
reduced breast cancer growth and metastasis in rodent models [71]. Upamostat (also
known as MESUPRON® or WX-671) is a second-generation serine protease inhibitor that
targets uPA. Upamostat is a prodrug of WX-UK1 and has shown encouraging results in
human clinical trials [72–74].

3.2. Repression of uPA Gene Expression by Epigenetic Agents

Epigenetic alterations are commonly seen during different malignancies [38], and tar-
geting such abnormalities using epigenetic agents has become an area of immense interest
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over the last two decades, especially after the approval of the first epigenetic drug Vidaza
against hematological cancers [75]. We have previously shown that uPA gene expression is
increased in cancer because of DNA hypomethylation of its promoter region [41]. DNA
methylation is a chemically reversible process [76], and the treatment of cancer cells with
the global methyl donor S-adenosylmethionine (SAM) significantly reduces the expression
of uPA through the reversal of the hypomethylated state in vitro [77–79]. More recently,
we showed that oral administration of SAM reduces the tumor volume and metastasis
of highly invasive triple-negative MDA-MB-231 breast cancer xenografts implanted into
the fat pad of immunocompromised mice [80]. Further analysis of the primary tumors
revealed that SAM treatment significantly reduces uPA gene expression compared to the
vehicle-treated control arm. SAM is a naturally occurring agent with little to no docu-
mented toxicity, and such treatment holds promise for future combination studies with
different potent anti-cancer agents. Moreover, microarray-based gene expression analyses
of MDA-MB-231 breast cancer cells revealed a downregulation of genes involved in the
uPA/uPAR pathway upon SAM treatment, suggesting the possible epigenetic modulation
of the axis in cancer [80]. SAM is a pleiotropic molecule and utilized as a cofactor by
many enzymes, some of which are involved in tumorigenesis. For example, nicotinamide
N-methyltransferase (NNMT) uses endogenous SAM to mediate its enzymatic activity [81].
Overexpression of NNMT has been seen in many cancers [82–84]. However, there is no
direct evidence showing increased NNMT activity upon exogenous SAM treatment to treat
cancer. Regardless, more detailed studies are warranted to determine whether exogenous
administration of SAM provides survival advantages to the cancer cells.

We have also shown that targeting methyl-CpG-binding domain protein 2 (MBD2), a
protein that can read the DNA methylation marks and is frequently upregulated in many
cancers [85], using a 20-mer antisense oligonucleotide (ASO) reduced uPA gene expression
in breast and prostate cancer cells [77,78].

3.3. Transcriptional Repression of uPA and uPAR

Gene therapy-based strategies have been attempted to target the transcription of the
uPA or uPAR gene. Karikó et al. synthesized a 37-mer hammerhead ribozyme to target
the uPAR mRNA and delivered it into osteosarcoma cells using lipofectaime [86]. They
found that the artificially synthesized ribozymes entered into the cytoplasm of cancer cells,
cleaved the 1.4 kilobase uPAR mRNA, and thereby caused a dose-dependent decrease in
its translation into a protein.

RNA interference (RNAi) against the uPA/uPAR genes has also been tested. Mo-
han et al. demonstrated that adenovirus-mediated delivery of an antisense construct
targeting the elevated uPAR expression in high-grade glioma markedly reduced tumor
growth in vivo [87]. Margheri et al. used an 18-mer ASO against uPAR known as “uPAR
aODNs” that significantly reduced uPAR levels and subsequently decreased prostate can-
cer bone metastases when PC3 cells were injected into immunocompromised animals via
intracardiac injections [88]. In SNB19 glioma cells, RNAi-mediated repression of uPA and
uPAR gene expression retarded the oncogenic PI3K/AKT/mTOR axis and increased Fas
ligand-mediated apoptosis [89]. Even though various attempts have been made to repress
uPA and uPAR transcriptionally, none of them made it to clinical trials. One possible
reason is that there has been a general reluctance to use “nucleic acid-based therapies” over
the years. However, with the global use of mRNA-based vaccines against SARS-CoV-2,
“nucleic acid-based therapies” have finally become more acceptable. Therefore, attempts to
transcriptionally repress uPA, uPAR, and many other known oncogenes may see a boost in
clinical settings in the near future.

3.4. Blocking the uPA–uPAR Interaction

Several approaches to block the interaction between uPA and its receptor uPAR have
been tested over the years. In 1993, Crowley et al. used an enzymatically inactive uPA
analog by mutating the 356th residue of uPA from serine to alanine and found a significant
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decrease in prostate cancer metastasis [90]. We have previously shown that Å6, a non-
competitive inhibitor of the uPA–uPAR interaction, can cause a significant reduction in
breast tumor growth and distant metastasis in vivo [91]. Other groups have reported
similar anti-cancer therapeutic benefits of Å6 in other types of cancer as a single-agent
monotherapy [92,93]. Moreover, when used in combination with other drugs, Å6 could
significantly enhance the anti-cancer effects of tamoxifen [94] and cisplatin [95].

Using a phage display library, Duriseti et al. identified the 2G10 antibody that stably
binds to the uPAR protein, blocks its interaction with uPA, and significantly suppresses
the invasiveness of cancer cells in vitro [96]. The 2G10 antibody has shown promising
therapeutic and diagnostic benefits in animal models of breast cancer [50,97]. More re-
cently, Harel et al. conjugated the 2G10 antibody to an antimitotic cytotoxic payload
called monomethylauristatin E (MMAE) via a cathepsin B-cleavable linker, RED-244 [98].
The 2G10 conjugate (2G10-RED-244-MMAE) showed an enhanced anti-cancer therapeu-
tic potential to reduce breast tumors compared to the vehicle-treated control and 2G10
monotherapy-treated groups in vivo. Further studies using the 2G10 antibody alone or the
conjugate in different types of cancer are warranted. AE120 is a peptide-based inhibitor of
uPAR that has the ability to block uPA binding to uPAR and reduce the invasiveness of
HEp-3 human epidermoid carcinoma cells [99].

3.5. Peptide Inhibitors against uPAR

uPAR is susceptible to cleavage by proteases such as plasmin, uPA, and metallopro-
teases. The most susceptible cleavage site of uPAR is located in the linker regions between
the D1 and D2 domains. The uPAR protein lacking the D1 domain cannot bind to its
most canonical binding partners uPA and vitronectin; however, it can bind to the FPRs
and functions in cell migration [100]. Several small molecule peptide inhibitors have been
developed that block the interaction between uPAR and FPRs to inhibit their internaliza-
tion. UPARANT (also known as cenupatide) is the most well-known peptide inhibitor
of uPAR that competes with N-formyl-Met-Leu-Phe (fMLF) for binding to the FPRs and
thereby blocks the VEGF-directed angiogenesis [100,101]. In addition, several other peptide
inhibitors against uPAR have been reported which include P25 [102], M25 [103], α325 [104],
and m.P243-251 [105].

3.6. Antibodies against uPAR

Antibody-based targeted therapies have shown great promise over the last two
decades. We have previously shown that a polyclonal rat anti-uPAR antibody causes
a significant reduction in primary breast tumor growth and metastasis in preclinical set-
tings [44]. Thereafter, a monoclonal antibody called ATN-658 was developed to target
the human uPAR protein, and administration of the ATN-658 antibody significantly re-
duced the growth, invasiveness, and metastatic ability of prostate cancer cells both in vitro
and in vivo [106]. The ATN-658 antibody is now fully humanized, and our recent stud-
ies demonstrated that treatment with the humanized ATN-658 (huATN-658) caused a
significant reduction in primary breast tumor growth in vivo [107]. Furthermore, when
human MDA-MB-231 and bone metastatic variant MDA-BoM-1833 breast cancer cells were
implanted into the tibia of immunocompromised animals, the huATN-658 antibody signifi-
cantly decreased breast tumor-induced skeletal lesions as well as the growth of the tumor
cells within the bone microenvironment. Importantly, the anti-cancer effects showed a
further enhancement in the group of animals treated with huATN-658 in combination with
the Food and Drug Administration (FDA)-approved bisphosphonate zoledronic acid, sug-
gesting the clinical utility of the antibody for human breast cancer patients. The anti-cancer
therapeutic potential of ATN-658 has been evaluated in different types of cancer, where
the antibody showed equally promising results [108,109]. As mentioned before, 2G10 is
another uPAR antibody that has shown anti-cancer therapeutic potential in vivo [97].
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3.7. Toxin Conjugation to Deliver the Drugs Targeting uPA/uPAR System

The use of toxins to treat cancer dates back to the early nineteenth century when Vau-
tier described the spontaneous regression of tumors in patients with concurrent Clostridium
infection [110]. Later on, William B. Coley, a physician based in New York, noticed a
curative effect of erysipelas (a bacterial infection of the skin) on patients with sarcoma [111].
He later developed a vaccine from the cocktail of two killed bacteria (Serratia marcescens and
Streptococcus pyogenes) known as “Coley’s toxins” for the treatment of various types of can-
cer [112–114]. The earlier success of Dr. Coley’s treatment strategy led to the development
of recombinant toxins for use in cancer treatment [115]. The major advantage of toxin-based
cancer therapeutics is that the bacteria can be manipulated for a more selective delivery sys-
tem [110]. When used in combination with conventional standard-of-care cancer therapies,
the bacterial toxins may enhance therapeutic response [115,116]. Several toxins targeting
the uPA/uPAR system have been assessed for the treatment of different malignancies in
the past two decades. The most prominent strategy in this regard has been the conjugation
of ATF with a suitable toxin for targeting uPAR-expressing cells. For example, ATF con-
jugated with a truncated Pseudomonas exotoxin (PE) showed significant cytotoxic effects
in a panel of well-established cancer cell lines belonging to various malignancies [117].
Vallera et al. demonstrated that conjugation of the catalytic portion of diphtheria toxin (DT)
with ATF caused a significant reduction in the proliferation of glioblastoma cells in vitro
and reduced tumor volumes in vivo [118]. In another study, a bispecific immunotoxin,
DTATEGF, targeting the EGF/EGFR and uPA/uPAR axes showed a potent cytotoxic effect
in human metastatic non-small cell lung cancer (NSCLC) brain tumor xenografts [119].
More recently, Zuppone et al. showed that conjugation of a ribosome-inactivating protein
called saporin (SAP) with ATF significantly reduced the viability of breast and bladder
cancer cell lines [120]. Furthermore, the anti-cancer effects of the ATF–SAP conjugate were
selective towards cancer cells with no discernable effect on the growth of non-tumorigenic
fibroblast cells expressing high levels of uPAR. Even though the bacterial toxins showed
great promise for targeting the uPA/uPAR system, more research is needed before their
successful translation to human clinical trials. Bacterial toxins may elicit unwanted im-
munogenicity and septic shock to the host, which is a major concern regarding their use in
humans [115].

3.8. Chemical Inhibitors of PAI-1

Even though PAI-1 levels are markedly elevated in many types of cancer, therapeutic
agents targeting PAI-1 have not been developed to the same extent as uPA/uPAR. The
first class of PAI-1 inhibitors was reported in the 1990s [121]; however, they were mostly
used for clot lysis rather than cancer therapeutics. XR5967, a diketopiperazine that can
block the activity of human and murine PAI-1, significantly reduced cancer cell invasion,
migration, and angiogenesis in vitro [122]. Tiplaxtinin (also known as PAI-039) inhibits
cell proliferation, colony formation, and angiogenesis and increases apoptosis by blocking
PAI-1 expression in several types of cancer [123–125]. Oral administration of a specific
PAI-1 inhibitor, SK-216, inhibited tumor progression in a murine model of Lewis lung
carcinoma [126]. However, in the same study, SK-216 administration did not show any
significant effect in reducing B16 melanoma tumor volume in vivo, suggesting a possible
cancer-type specificity of PAI-1 inhibition. Mutoh et al. showed that two PAI-1 inhibitors,
SK-216 and SK-116, could individually reduce the number of intestinal polyps and thereby
function as chemopreventive agents for colorectal cancer [127]. Two orally available
small molecule anti-PAI-1 agents, TM5441 and TM5275, inhibited the proliferation of
different types of cancer cell lines (MDA-MB-231 (breast cancer), HCT116 (colorectal
cancer), HT1080 (fibrosarcoma), Jurkat (acute T cell leukemia), Daoy (medulloblastoma))
with an IC50 range between 9.7 and 60.3 μM [128]. However, the anti-cancer effects were
not common for all the cancer types as some cell lines did not respond to TM5441 and
TM5275 treatments in vitro [128]. In another study, TM5275 inhibited ovarian cancer cell
proliferation in vitro [129]. Another PAI-1 inhibitor, IMD-4482, caused decreased ovarian
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cancer cell proliferation and invasion and induced apoptosis in vitro [130]. Moreover,
IMD-4482 administration could reduce tumor volume and distant metastasis by inhibiting
the phosphorylation of focal adhesion kinase (FAK) in vivo.

3.9. RNA Aptamers as PAI-1 Inhibitors

RNA aptamers are single-stranded nucleic acids that can tightly bind to specific
targets and are used for various diagnostic and therapeutic applications [131]. By using
combinatorial chemistry techniques, Blake et al. identified the RNA aptamers SM-20
and WT-15 that bind to PAI-1 with high affinity and specificity and thereby disrupt the
interaction of PAI-1 with vitronectin and heparin [132]. The disruption in the PAI-1–
vitronectin interaction shows anti-metastatic potential. WT-15 and SM-20 could also reduce
the invasiveness and migratory properties of the highly invasive MDA-MB-231 breast
cancer cell line in vitro [133]. Further studies are warranted to know whether similar anti-
metastatic properties of the RNA aptamers can be replicated in the case of other types of
cancer. In addition, preclinical studies using RNA aptamers are also needed to understand
whether they show similar anti-cancer effects in vivo.

3.10. Natural Products as PAI-1 Inhibitors

Wang et al. showed that treatment of colorectal cancer cells with oxymatrine, a quino-
lizidine alkaloid derived from the Chinese herb Sophora flavescens, caused a significant
reduction in cell proliferation and migration [134]. At the molecular level, oxymatrine treat-
ment reduced the expression of PAI-1 and components of the TGF-β signaling. Moreover,
oxymatrine induced the expression of the epithelial cell marker (E-cadherin) while decreas-
ing the expression of the mesenchymal marker (α-Smooth muscle actin), which reversed
the epithelial-to-mesenchymal (EMT) state and thereby reduced migration. However, the
exact mechanism by which oxymatrine downregulates PAI-1 expression is not known and
warrants further exploration.

4. Conclusions and Future Perspectives

Even though several key components (uPA, uPAR, and PAI-1) of the fibrinolytic
system are clearly deregulated in almost all cancers and are potential diagnostic and thera-
peutic targets, their clinical translation into human cancer patients has been relatively less
explored. Some of the earlier attempts to inhibit components of the fibrinolytic system
showed a modest response in preclinical settings as the drugs/inhibitors used were not
entirely specific against the component. For example, amiloride can target several factors
other than uPA, notably, the epithelial sodium channel (ENaC), acid-sensitive ionic channel
(ASIC), and ornithine decarboxylase [135,136]. It is possible that the amiloride-mediated
anti-cancer effects were seen because of the combined inhibition of several targets. More-
over, it is possible that the tumor cells activate alternative pathways to interfere with the
efficacy of the drugs targeting the fibrinolytic system. Such activation of compensatory
pathways has been observed for several approved anti-cancer drugs [137,138]. Therefore,
detailed studies on the interplay between the various inhibitors of the fibrinolytic system
during tumor progression are warranted in the future. With the advent of high-throughput
screening technologies, it is now straightforward to assess the genome-wide effects of a
particular drug. It will be interesting to utilize such screening methods to evaluate the
collateral effects of targeting the various components of the fibrinolytic system. This will
also help to design better combination strategies for treating different types of cancer.

One of the encouraging frontiers that has recently drawn much attention is the utility of
uPAR-based oncological imaging. More than ten phase 2 trials assessing the effectiveness
of uPAR-based imaging are either ongoing or have been completed so far. suPAR is
emerging as a new candidate biomarker for several pathological conditions; however, the
studies related to the use of suPAR as a potential biomarker are still at an infancy. More
research is warranted in this regard. It remains to be seen whether the strong preclinical
evidence of some of the antibodies and small molecule inhibitors against the components
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of the fibrinolytic system could still be translated in human patients through appropriate
double-blinded randomized clinical trials.
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Abstract: Thrombin activatable fibrinolysis inhibitor (TAFI), a proenzyme, is converted to a po-
tent attenuator of the fibrinolytic system upon activation by thrombin, plasmin, or the throm-
bin/thrombomodulin complex. Since TAFI forms a molecular link between coagulation and fibrinol-
ysis and plays a potential role in venous and arterial thrombotic diseases, much interest has been
tied to the development of molecules that antagonize its function. This review aims at providing a
general overview on the biochemical properties of TAFI, its (patho)physiologic function, and various
strategies to stimulate the fibrinolytic system by interfering with (activated) TAFI functionality.

Keywords: thrombin activatable fibrinolysis inhibitor; TAFI; coagulation; fibrinolysis; proCPU;
proCPB; proCPR; carboxypeptidase

1. Introduction

Hemostasis is an essential process to safeguard the patency of the vascular system and
the surrounding tissues and requires a delicate balance between the formation (coagulation)
and the dissolution (fibrinolysis) of blood clots. Upon vascular injury, the coagulatory
response is initiated, ultimately resulting in a thrombin burst, which plays a key role in
the formation and stabilization of the fibrin clot as well as in the protection of this clot
from degradation through the activation of thrombin activatable fibrinolysis inhibitor
(TAFI) [1,2]. Normally, the coagulatory response is balanced by the action of the plasmino-
gen activator/plasmin system [3]. The key fibrinolytic enzyme, plasmin, dissolves the
blood clot by degrading the fibrin meshwork into soluble fibrin degradation products and
exposing new carboxy-terminal (C-terminal) lysines at the fibrin surface, which serve to
mediate a positive feedback mechanism in the fibrinolytic process by (I) promoting the
binding of plasminogen and therefore also its activation to plasmin by tissue-type plasmino-
gen activator (tPA) [4] and (II) by binding plasmin and thus protecting it against its major
plasma inhibitor α2-antiplasmin [5]. To prevent hyperfibrinolysis, the action of plasmin
is negatively modulated at different levels. Firstly, at the level of plasminogen activation
by plasminogen activator inhibitor-1 (PAI-1), which is the main physiological inhibitor
of tPA and urokinase-type plasminogen activator (uPA) (reviewed in [6,7]). Secondly, at
the level of plasmin by α2-antiplasmin (reviewed in [8]). Thirdly, at the level of the blood
clot by activated TAFI (TAFIa), a zinc-dependent metallocarboxypeptidase that removes
the C-terminal lysines from the partially degraded fibrin clot and thereby abrogates the
fibrin cofactor function in plasminogen activation (reviewed in [9,10]). As TAFI is being
activated by thrombin, the key component of the coagulatory system, and attenuates the
fibrinolytic response, TAFI forms an important molecular link between coagulation and
fibrinolysis. Since a variety of studies have demonstrated a role for TAFI in thrombotic
disorders (reviewed in [11,12]), several small molecule-, peptide-, and antibody-based
inhibitors have been designed in order to explore the potential benefit of pharmacological
inhibition of TAFI. This narrative review aims at providing a general overview on the
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biochemical properties of TAFI/TAFIa, the (patho)physiologic role of TAFIa, and various
strategies to stimulate the fibrinolytic system by interfering with TAFI functionality.

2. Discovery and Nomenclature

Thrombin activatable fibrinolysis inhibitor (TAFI) was first discovered more than
three decades ago in 1989 as a novel unstable molecular form of arginine carboxypeptidase
activity in fresh serum prepared from human blood. Because of its instability, it was
first named unstable carboxypeptidase (CPU) [13]. Shortly after, another independent
study reported the identification of an arginine-specific carboxypeptidase (CPR) gener-
ated in blood during coagulation or inflammation [14]. In 1991, a third study revealed a
plasminogen-binding protein being present in plasma with a similar amino acid sequence
to pancreatic carboxypeptidase B and was therefore named plasma procarboxypeptidase
B (plasma proCPB) [15]. In 1995, the discovery of a 60-kDa carboxypeptidase zymogen
was reported, that upon activation by thrombin exerted antifibrinolytic effects [16]. This
protein was accordingly named thrombin activatable fibrinolysis inhibitor (TAFI). Subse-
quent amino-terminal sequencing revealed that CPU, CPR, plasma proCPB, and TAFI were
identical [17]. To emphasize its main physiological function during fibrinolysis (antifibri-
nolytic) and its connection to the coagulation system (activatable by thrombin), the term
thrombin activatable fibrinolysis inhibitor (TAFI) is widely accepted and used to refer to
the zymogen.

3. TAFI Synthesis and Distribution

The human TAFI encoding gene, CPB2, was mapped to chromosome 13 (13q14.11) and
contains 11 exons [17,18]. Two out of 19 identified single-nucleotide polymorphisms (SNPs),
+505 G/A and +1040 C/T located in the coding region, result in amino acid substitutions
147 Ala/Thr and 325 Thr/Ile, respectively [19]. As a consequence, TAFI exists as four
isoforms, i.e., TAFI-A147-T325, TAFI-A147-I325, TAFI-T147-T325, and TAFI-T147-I325, of
which the 325 Thr/Ile polymorphism has an impact on TAFIa stability [20].

TAFI is predominantly synthesized in the liver as a preproenzyme containing 423 amino
acids and, after removal of the 22-residue long signal peptide, is secreted into the blood
circulation as a 56-kDa proenzyme [15]. TAFI circulates in plasma at concentrations rang-
ing from 73 to 275 nM (corresponding to 4–15 μg/mL) [21,22], of which the apparently
large interindividual variation can mainly be attributed to the differential reactivity of the
325 Thr/Ile isoforms of TAFI in some commercially available enzyme-linked immunosor-
bent assays (ELISAs) [23]. Using isoform-independent ELISAs, it was observed that less
than 25% of the variation in plasma levels is due to TAFI gene polymorphisms (outside the
encoding region) that may modulate gene expression or affect mRNA stability [19,24,25].

Another pool of TAFI is synthesized in the precursors of blood platelets, the megakary-
ocytes, and is released upon activation of platelets by thrombin, adenosine diphosphate,
and collagen [26]. Despite the minute amounts of TAFI stored in platelets, representing
0.1% of total blood TAFI, it was suggested that platelet-derived TAFI may play an important
antifibrinolytic role through a local boost of TAFIa activity owing to the high concentration
of platelets within the blood clot [26]. Indeed, TAFI secreted from platelets may affect the
resistance to fibrinolysis that is conferred upon platelet-rich clots; however, it was recently
shown that activation of plasma-derived TAFI, but not platelet-derived TAFI, is essential
for the attenuation of fibrinolysis [27]. Activated TAFI (TAFIa) exerts its antifibrinolytic
properties through a threshold-dependent mechanism, with the threshold-value being
proportional to the plasmin concentration in plasma, which in turn depends on the concen-
trations of tPA and α2-antiplasmin [28,29]. Importantly, only small amounts of TAFIa, i.e.,
1% of total TAFI protein, are required to attenuate fibrinolysis [28].
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4. TAFI Activation and Instability

4.1. TAFI Is a Metallocarboxypeptidase

Activated TAFI (TAFIa), a member of the metallocarboxypeptidase family, is a zinc-
dependent exopeptidase that cleaves carboxy-terminal peptide bonds. The metallocar-
boxypeptidases are divided into two subfamilies, A and B. TAFI belongs to subfamily A
that is characterized by a high structural similarity, i.e., a globular proenzyme consisting
of two separate moieties: The activation peptide and the catalytic domain. In this respect,
TAFI is a proenzyme that contains a 92-residue long amino-terminal (N-terminal) activation
peptide (Phe1-Arg92, 20 kDa, heavily glycosilated) and a catalytic domain of 309 residues
(Ala93-Val401, 36 kDa) (Figure 1A).

Figure 1. Crystallographic structure of human thrombin activatable fibrinolysis inhibitor (TAFI).
(A) Cartoon representation of TAFI. The activation peptide (AP) and the catalytic moiety are colored
in dark and light blue, respectively. The catalytic zinc-ion in the active center is shown as a yellow
sphere. The four glycosylation sites in the AP (Asn22, Asn51, Asn63, and Asn86) are represented
by blue spheres. TAFI can be activated through cleavage at Arg92 (shown as a magenta sphere) by
thrombin, plasmin, or the thrombin/thrombomodulin complex. Upon the subsequent conformational
change to inactivated TAFIa, (TAFIai) a cryptic cleavage site at Arg302 (shown as an orange sphere)
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becomes exposed and can be cleaved by plasmin or thrombin. Two additional plasmin cleavage sites,
Lys327 and Arg330, are indicated by red spheres. Five residues that have been mutated within the
dynamic flap region (colored in grey) and result in the most stable TAFIa mutant are indicated by
green spheres (Ser305Cys, Thr325Ile, Thr329Ile, His333Tyr, and His335Gln). The dynamic flap, of
which the mobility leads to conformational changes that disrupt the catalytic site to form TAFIai, is
stabilized by hydrophobic interactions between Val35 and Leu39 of the AP and Tyr341 in the dynamic
flap (shown as cyan sticks). (B) Binding sites on TAFI for TAFI-activators after rotating panel A by
180◦ along the y-axis. The three putative thrombomodulin (TM) binding sites, Lys42/Lys43/Lys44,
Lys133/Lys211/Lys212/Arg220, and Lys240/Arg275, are indicated by yellow, green, and orange
spheres, respectively. Arginine at position 12, which plays an important role in TM-stimulated TAFI
activation by thrombin, is indicated by a red sphere and may either constitute a potential cleavage
site for thrombin or an exosite for TM. Furthermore, Lys133 may also be a part of the plasmin binding
site on TAFI. (C) Charged surface representation of TAFI. The three putative TM binding sites are
indicated by ovals in the same color as the spheres representing the binding sites in panel B. This
figure was generated using the Protein Data Bank structure with PDB ID 3D66 [30]).

4.2. Three-Dimensional Strucures of TAFI and TAFIa

To date, 17 structures containing human, bovine, or porcine TAFI or TAFIa have been
published online in the Protein Data Bank (PDB) (Table 1). The first crystal structure of
TAFI was solved in 2008 using TAFI that was recombinantly expressed in a HEK293ES cell
line and thus contained a homogenous N-linked glycan profile of the (Man)5(GlcNAc)2
type [30]. Five putative N-linked glycosylation sites were identified, of which four sites
reside within the activation peptide (Asn22, Asn51, Asn63, and Asn86, Figure 1) and one
within the TAFIa moiety (Asn219) [31]. However, only the activation peptide was shown
to be heavily glycosylated, whereas glycosylation at the Asn219 site seems irreconcilable
with the TAFI crystal structure as this residue is completely buried within the catalytic
domain [30]. The first 76 residues of the activation peptide (Phe1-Val76) fold into four
β-strands and two α-helices that form an open sandwich antiparallel α/β-fold, which is
connected by a partially α-helical linker region (Glu77-Arg92) to the catalytic moiety. Both
the structures of intact TAFI (PDB ID 3D66 [30]) and TAFIa (PDB ID 3LMS [32]) reveal that
the catalytic moiety has a globular shape characterized by a typical α/β-hydrolase fold,
comprising an eight-stranded mixed β-sheet flanked by nine α-helices.

Table 1. List of X-ray crystallographic structures containing TAFI or activated TAFI (TAFIa) in the Protein Data Bank (PDB).

Form PDB ID TAFI Variant 1 Ligand 2 Resolution
(A)

Ref.

TAFI 3D66 Human TAFI - 3.1 [30]
3D67 Human TAFI GEMSA 3.4 [30]
3D68 Human TAFI-IIYQ - 2.8 [30]
4P10 Human TAFI Compound 5 2.0 [33]

3DGV Bovine TAFI - 2.5 -
3OSL Bovine TAFI TCI 6.0 [34]
5HVF Human TAFI-CIIYQ Nanobody VHH-i83 2.8 [35]
5HVG Human TAFI-CIIYQ Nanobody VHH-a204 3.0 [35]
5HVH Human TAFI-CIIYQ VHH-i83 + VHH-a204 3.0 [35]

TAFIa 3D4U Bovine TAFIa TCI 2.5 [36]
3LMS Human TAFIa TCI 1.7 [32]
4UIA Porcine TAFIa Compound 3a 2.2 [37]
4UIB Porcine TAFIa Compound 3p 1.9 [37]
5LYF Porcine TAFIa Urea lead of compounds 1 and 6–7a 2.0 [38]
5LYD Porcine TAFIa Compound 1 2.0 [38]
5LYI Porcine TAFIa Compound 7a 1.6 [38]
5LYL Porcine TAFIa Compound 6a 1.8 [38]

1 TAFI-IIYQ: TAFI-T325I-T329I-H333Y-H335Q; TAFI-CIIYQ: TAFI-S305C-T325I-T329I-H333Y-H335Q. 2 GEMSA: (2-
guanidinoethylmercapto)-succinic acid; TCI: tick carboxypeptidase inhibitor.
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4.3. TAFI Activation

Even though TAFI exerts low intrinsic carboxypeptidase activity, also referred to as
zymogen activity [39], the antifibrinolytic property of TAFI relies on the carboxypeptidase
activity of TAFIa [40]. TAFIa is generated upon proteolytic cleavage of the Arg92-Ala93
bond by trypsin-like proteases, such as thrombin or plasmin, resulting in the release of the
activation peptide from the catalytic TAFIa moiety [15].

Thrombin is a weak activator of TAFI; however, by forming a complex with either
soluble or membrane-bound thrombomodulin (TM), the catalytic efficiency of thrombin-
mediated TAFI activation is increased 1250-fold [41,42]. Furthermore, the thrombin/
thrombomodulin (T/TM) complex also efficiently generates activated protein C. Activated
protein C is both a direct anticoagulant, i.e., by inactivating activated clotting factors V
and VIII, as well as indirectly profibrinolytic, i.e., by attenuating prothrombin activation
and thus the subsequent TAFI activation. Thus, whereas massive coagulation is prevented
through the activation of protein C by T/TM, generation of TAFIa by T/TM results in a
protection of the formed clot [43].

Alternatively, TAFI can be activated by plasmin, which is a stronger activator than
thrombin [44]. Even though the efficiency of plasmin-mediated TAFI activation is enhanced
by glycosaminoglycans such as heparin, the catalytic efficiency of plasmin/heparin remains
10-fold lower than that of the T/TM complex [44]. Therefore, the T/TM complex was
postulated to be the main physiological activator of TAFI, as was also suggested by an
in vivo study using a monoclonal antibody (mAb) that selectively inhibits T/TM-mediated
TAFI activation [45]. In in vitro settings, a biphasic pattern in time associated with thrombin-
induced (during thrombin formation) versus plasmin-induced TAFI activation (during
the fibrinolytic phase) has been demonstrated [46]. In a consecutive study, the second
TAFIa activity peak generated through plasmin-mediated activation could not be translated
directly to the fibrinolytic rate [47]. However, other studies using mAbs that mainly impair
plasmin-mediated TAFI activation revealed that plasmin contributes to TAFI activation
both during clot formation and lysis in vitro [48], and showed to be a relevant physiological
activator of TAFI in vivo as well [49]. This therefore indicates that plasmin-mediated TAFI
activation may be of direct importance in vivo, where a more dynamic interplay exists
between coagulation and fibrinolysis.

Using the crystal structure of thrombin in a complex with thrombomodulin fragments
(epidermal growth factor (EGF)-like domains 4, 5, and 6 designated as TM-EGF456) (PDB
ID 1DX5 [50]) and a homology model of TAFI that was built based on a crystal struc-
ture of human procarboxypeptidase B (PDB ID 1KWM [51]), a structural model of the
ternary TAFI/thrombin/TM-EGF456 complex was built [52]. Based on this model and
mutagenesis studies, three positively charged surface patches on TAFI, comprising residues
Lys42/Lys43/Lys44, Lys133/Lys211/Lys212/Arg220, and Lys240/Arg275, have been sug-
gested as binding sites for the C-loop of the TM-EGF-like domain 3 [52,53]. Furthermore,
Arg12, which is located in close proximity to Lys42/Lys43/Lys44, is a potential thrombin
cleavage site and plays an important role in TM-stimulated TAFI activation by throm-
bin [54]. However, at that point, it remained unclear whether cleavage at Arg12 accelerates
TM-mediated TAFI activation or whether Arg12 belongs to an exosite for TM. A mutagene-
sis study later confirmed that both Arg12 and the triple lysine cluster (Lys42/Lys43/Lys44)
were critical for the interaction of TAFI with TM as well as for the antifibrinolytic po-
tential of TAFI [55]. Another study employing a deletion mutant of TAFI lacking the
first 73 residues of the activation peptide (TAFI-S305C-T325I-T329I-H333Y-H335Q-Δ1–73
or TAFI-CIIYQ-Δ1–73), and thus also lacking Arg12 and the triple lysine cluster, further
demonstrated that indeed this N-terminal part of the activation peptide is essential for
the co-factor function of TM in accelerating TAFI-activation by thrombin [56]. In contrast,
another TAFI mutant TAFI-K133A could be activated by thrombin and the T/TM complex
but not by plasmin, indicating that Lys133 may be a part of the plasmin binding site on
TAFI [49]. Together, this demonstrates that even though activation of TAFI by thrombin,

73



Int. J. Mol. Sci. 2021, 22, 3670

the T/TM complex, or plasmin involves the same cleavage site at Arg92, these activators
bind different residues or regions in the TAFI molecule.

4.4. TAFI Instability

Activated TAFI is thermally unstable, and spontaneously converts to an inactive
conformation (designated as TAFIai) with a half-life of 8 min (Thr325 polymorphism) or
15 min (Ile325 polymorphism) at 37 ◦C [57,58]. As no physiological inhibitors of TAFI have
been described, this intrinsic instability of TAFIa is thought to play a role in autoregulation
of its antifibrinolytic activity in vivo. The crystal structure of intact TAFI (PDB ID 3D66)
revealed poor electron density levels and increased B-factors for a segment comprising
residues Phe296-Trp350 in the catalytic domain, which is part of the catalytic cleft wall [30].
Because reduced electron density levels are mostly caused by a higher mobility, this region
is therefore referred to as the dynamic flap region (Figure 1). In intact TAFI, the activation
peptide shields the catalytic pocket, which contains the catalytic zinc ion coordinated by
His159, Glu162, and His288, and stabilizes the dynamic flap region through hydrophobic
interactions involving residues Val35 and Leu39 of the activation peptide and Tyr341 of the
catalytic domain. In a later study, the TAFI deletion mutant TAFI-CIIYQ-Δ1–73 showed
similar stability to that of intact TAFI-CIIYQ, whereas cleavage of the Arg92-Ala93 bond
leads to the formation of a less stable activated TAFI-CIIYQ. This suggests that, apart
from the interactions between the activation peptide and the dynamic flap, the segment
Ala74-Arg92 may also contribute to the role of the activation peptide in stabilizing regions
in the catalytic domain outside the dynamic flap region in intact TAFI [56]. Activation of
TAFI, however, leads to the dissociation of the activation peptide and thus a disruption
of these stabilizing interactions, resulting in an increased mobility in the dynamic flap,
eventually leading to conformational changes that disrupt the catalytic site.

Interestingly, comparison of the crystal structure of intact TAFI (PDB ID 3D66 [30])
with the crystal structure of TAFI in complex with a carboxypeptidase inhibitor,
(2-guanidinoethylmercapto)-succinic acid (GEMSA) (PDB ID 3D67 [30]) revealed that
the dynamic flap is stabilized upon binding of GEMSA within the active site. Apart from
being more stable at lower temperature [57], several TAFI mutants have been reported that
result in a remarkable stabilization of TAFIa [59–61]. These mutants contain either four
(TAFI-T325I-T329I-H333Y-H335Q or TAFI-IIYQ, PDB ID 3D68 [30]) or five (TAFI-S305C-
T325I-T329I-H333Y-H335Q or TAFI-CIIYQ, [61]) stabilizing mutations in the dynamic flap
region, stabilizing TAFIa through more extensive interactions between the dynamic flap
and the stable core of the catalytic moiety, indicating the important role of this region in
TAFIa instability. Importantly, the antifibrinolytic effects of these TAFIa mutants correlate
with their increased stability, underscoring the importance of the intrinsic instability in
limiting TAFIa activity. Furthermore, upon the conformational change of TAFIa to TAFIai, a
cryptic cleavage site at Arg302 becomes exposed [30], resulting in a subsequent irreversible
degradation of TAFIai through proteolytic cleavage by thrombin or plasmin [62]. In ad-
dition, cleavage of the proenzyme TAFI at Lys327 and Arg330 by plasmin results in an
inactive 45 kDa fragment [63].

5. (Patho)Physiological Role of TAFI

Cardiovascular disease and thrombotic disorders are often caused by an increased
coagulatory or an impaired fibrinolytic response. Due to the antifibrinolytic activity of
TAFIa, elevated levels of TAFI/TAFIa are expected to generate a hypofibrinolytic state and
constitute a potential risk factor for various thrombotic diseases. Furthermore, studies
have shown that the SNPs in the TAFI gene contribute to plasma TAFI concentrations
and may thus also contribute to a higher risk for these diseases [64–66]. Even though
mice engineered to be completely TAFI deficient by gene targeting did not display any
observable phenotype [67], another study demonstrated that a significant reduction in
thrombus formation was observed in TAFI-deficient mice upon FeCl3-induced vena cava
thrombosis, indicating that TAFI may still play an important physiological role [68]. In this
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respect, several studies investigated the role of TAFI levels or the TAFI gene polymorphism
as risk factors for the development of cardiovascular disease (extensively reviewed in [12]).

Even though several studies could provide a link between TAFI gene SNPs and
cerebral venous thrombosis [69], venous thromboembolic disease [70,71], myocardial
infarction [72,73], stroke [74], and coronary heart disease [75,76], a clear link remains
controversial as it could not be established by many other studies [77–82]. Similarly,
independent of the contribution from TAFI gene SNPs, ample evidence has been provided
of a link between elevated TAFI levels and venous thromboembolic disease [83,84], deep
vein thrombosis [85], stroke [82,86,87], and coronary heart disease [88]. On the other hand,
whereas in France carriers of the 505A allele (i.e., the Thr147 isoform), which is associated
with higher TAFI levels, showed an increased risk of coronary heart disease; this risk was
decreased in carriers of the 505 A allele from Northern Ireland [89]. Similar controversial
results were reported in studies in which carriers of SNPs resulting in lower TAFI levels
showed an increased risk of deep vein thrombosis [78] and myocardial infarction [90],
suggesting a complex relationship between TAFI and thrombotic disease.

Apart from having a profound role as an antifibrinolytic protein, an anti-inflammatory
role has been described for TAFIa, as it is able to directly inactivate several inflammatory
proteins, such as bradykinin, anaphylatoxins C3a and C5a, thrombin-cleaved osteopontin,
and plasmin-cleaved chemerin (reviewed in [91]). Because bradykinin has vasodilating
properties, TAFIa may also have a function in blood pressure regulation; however, the
physiological relevance of this link is not completely understood as several studies re-
ported conflicting data [92–94]. Moreover, TAFIa attenuates the formation of plasmin and
it has also been reported that C-terminal lysines and arginines from cellular plasminogen
receptors are also substrates of TAFIa [95], therefore suggesting a role for TAFIa in cel-
lular processes involving wound healing, cell migration, and angiogenesis, which also
contributes to its anti-inflammatory activity [96–98]. However, the exact role of TAFI in
inflammation seems to be very complex, since TAFI deficiency in mice has shown to either
worsen, have no effect on, or to improve the outcomes in diverse models of inflamma-
tory disease [99]. Moreover, inflammation has been shown to affect hemostasis and may
therefore contribute to the atherosclerotic and thrombotic components of cardiovascular
disease [100]. Indeed, the high-grade systemic inflammation, which is observed in patients
with inflammatory diseases, such as rheumatoid arthritis and inflammatory bowel disease,
puts them at greater risk for developing cardiovascular disease [101,102]. Because of the
potentially protective role of TAFI in inflammation-related disorders, as demonstrated in
mice models of alveolitis, arthritis, and hepatic inflammation, caution must be taken when
inhibiting TAFI [103–105].

6. Inhibition of TAFI Functionality

To date, no physiological TAFIa inhibitors have been found in plasma. However,
several small molecules, peptides, and antibody-based inhibitors have been designed
and characterized. Owing to its anti-fibrinolytic effect and association with thrombotic
tendencies and risk for cardiovascular disease, TAFIa remains a putative drug target. Pre-
vention of TAFI activation and direct inhibition of TAFIa are two potential pharmacological
strategies in the development of profibrinolytic drugs.

6.1. Synthetic Peptides

Even though no physiological inhibitors of TAFIa have been identified, protein in-
hibitors that naturally occur in potatoes (potato tuber carboxypeptidase inhibitor,
PTCI) [106], leeches (leech carboxypeptidase inhibitor, LCI) [107], and ticks (tick car-
boxypeptidase inhibitor, TCI) [108] have been described. They are competitive inhibitors
of TAFIa, and the crystal structures of TAFIa in complex with TCI revealed their inhibitory
mechanism, i.e., binding across the flexible surface segments that form the rim of the active
site cleft and penetrating the active site, thereby blocking access of substrates to the active
site [32]. Remarkably, a biphasic effect, i.e., prolonging clot lysis at low concentrations
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and enhancing clot lysis at high concentrations, has been observed for PTCI [106,109].
This phenomenon can be explained by the stabilizing effect of TAFIa inhibitors and the
equilibrium between free and inhibitor-bound TAFIa. While free TAFIa is irreversibly
inactivated by its thermal instability, inhibitor-bound TAFIa is stabilized by preventing con-
formational changes that cause inactivation of TAFIa. However, when the TAFIa-inhibitor
complex slowly dissociates, TAFIa is released to replenish the free pool. As long as free
TAFIa concentrations stay above the tPA-dependent threshold value, fibrinolysis will be
attenuated and remains in its initial phase [106].

6.2. Small Molecule Inhibitors

Since TAFIa is a zinc-dependent metallocarboxypeptidase, its catalytic activity can
be inhibited by chelating agents such as o-phenanthroline and ethylenediaminetetraacetic
acid (EDTA) that chelate the essential zinc-ion in the active site [13,15,110]. On the other
hand, reducing agents, such as 2-mercaptoethanol and dithiothreitol, can inhibit TAFIa
by disrupting the disulfide bonds in the active site of TAFIa (Cys156-Cys169, Cys228-
Cys252, and Cys243-Cys257) [13,15,110]. TAFIa is also sensitive to inhibition by small
synthetic substrate analogs including organic arginine analogs such as 2-mercaptomethyl-
3-guanidinoethylthiopropanoic acid (MERGETPA) and GEMSA or organic lysine analogs
such as ε-aminocaproic acid (ε-ACA) [57,110,111]. Even though these inhibitors are most
widely used both in in vitro and in vivo studies, the major drawback of these inhibitors is
that they also show inhibitory capacity towards other plasma-circulating carboxypeptidases
such as carboxypeptidase N (CPN). Apart from their lack of specificity, they are extremely
polar, which may limit their oral availability when using them in an in vivo setting. As
a consequence, from a drug discovery point of view, many efforts have been devoted to
obtain more selective inhibitors of TAFIa with a favorable pharmacokinetic profile.

Several low molecular weight (LMW) inhibitors of TAFIa have been patented (exten-
sively reviewed elsewhere [12]). Most of these inhibitors display a consensus structure
consisting of three characteristic groups, i.e., (I) a basic group that mimics the lysine side
chain to bind Asp256 at the bottom of the S1′ specificity pocket of TAFIa, (II) a carboxylic
acid that corresponds to the C-terminal carboxylic acid of the lysine that it is replacing, and
(III) a functional group to coordinate the catalytic zinc ion [112]. These synthetic inhibitors
can best be categorized based on the zinc-coordinating functional group, which often
contains an imidazole, thiol, phosphonic or phosphinic acid, sulfonamide, or selenium
group. Even though several of these LMW inhibitors have entered phase I and phase II
clinical studies and showed an excellent safety profile and selectivity towards TAFI, further
development was often discontinued due to various reasons, e.g., unfavorable pharmacoki-
netic properties (low oral bioavailability, short elimination half-life), no superiority over
the standard treatment, or for unknown reasons.

6.3. Antibodies and Antibody Fragments

Since small synthetic inhibitors often deal with specificity issues, antibodies have
become a key tool in drug discovery owing to their specific binding characteristics and
amenability to protein engineering. Several monoclonal antibodies (mAbs) have been
raised against TAFI in mice and antibody fragments thereof, such as single-chain variable
fragments (scFv), have been generated to circumvent immunogenicity problems that are
frequently encountered with the murine parental mAb. However, these smaller derivatives
often encounter other difficulties such as a reduced binding affinity or a decreased stability.
In contrast, variable antigen-binding domains of camelid antibodies, called nanobodies,
share a high degree of sequence identity with human variable domains, indicating lower
immunogenicity in human, and show excellent binding affinities, a remarkable stability,
and solubility in various conditions. The panels of mAbs and nanobodies that were
generated to target TAFI can interfere with TAFI or TAFIa activity, TAFI activation, or use a
combination of both inhibitory mechanisms (Table 2).
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Table 2. Non-exhaustive list 1 of monoclonal antibodies (mAbs) and nanobodies (Nbs) that target TAFI or activated TAFI (TAFIa).

Mechanism Epitope Residues Ref.

mAbs MA-RT36A3F5 Destabilizes TAFIa Arg188, His192 [113]

MA-RT13B2
Destabilizes TAFIa; Arg227, Ser251 [113]

Directly inhibits TAFIa

MA-RT30D8 Directly inhibits TAFIa Arg227, Ser249, Ser251, Tyr260 [113]

MA-RT82F12 Directly inhibits TAFIa Arg227, Ser249, Ser251, Tyr260 [113]

MA-TCK27A4 Inhibits P-, T-, and T/TM-mediated TAFI activation Phe113 [48]

MA-T12D11 Inhibits T/TM-mediated TAFI activation Gly66 [114]

MA-T94H3 Inhibits T/TM- and P-mediated TAFI activation Val41 [114]

MA-T1C10 Inhibits T/TM- and P-mediated TAFI activation Gln45 [114]

MA-TCK22G2 Inhibits P- and T-mediated TAFI activation Thr147, Ala148 [48]

MA-TCK11A9
Inhibits P-mediated TAFI activation; Lys268, Ser272, Arg276 [48,115]

Directly inhibits TAFIa activity on fibrin

MA-TCK26D6
Inhibits P-mediated, and to a lesser extent,

T-mediated TAFI activation; Asp87, Thr88 [49,115]

Directly inhibits TAFIa activity on fibrin

Nbs VHH-mTAFI-i49
Stimulates TAFI activity Arg227, Lys212 [116]

Destabilizes TAFI

VHH-a204 Inhibits P-, T-, and T/TM-mediated TAFI activation
Arg117, His118, His175,

[35,117]Gln178, Ile182, Gln184,
Tyr186, Arg384

VHH-i83
Inhibits P- and T/TM-mediated TAFI activation;

Arg12, Gln33, Gln45, Ser70,
[117]Val71, Gln292, Arg330,

Directly inhibits TAFIa Thr367, Thr369
1 This list only includes mAbs and Nbs for which the epitope has been mapped my mutagenesis or X-ray crystallographic studies.

Within the panel of monoclonal antibodies generated towards rat TAFIa, two mAbs,
MA-RT36A3F5 and MA-RT13B2, were found to have a destabilizing effect on TAFIa,
thereby shortening its functional half-life [113]. Mutagenesis studies suggested an impor-
tant role for residues Arg188 and His192 on α-helix 6 in the epitope for MA-RT36A3F5
(Figure 2A). Since α-helix 6 is connected to the active site through α-helix 5, it was hy-
pothesized that binding of MA-RT36A3F5 induces a conformational change, leading to a
disruption of the zinc-binding motive in the active site, thereby destabilizing TAFIa. On
the other hand, MA-RT13B2 binds on the opposite side of the TAFI molecule with respect
to MA-RT36A3F5 and makes interactions with Arg227 and Ser251 located on the loops
connecting α-helix 7 with α-helix 8 via the active site residue Arg217 and substrate binding
sites Asn234 and Arg235. Apart from destabilizing TAFIa, MA-RT13B2 was also shown
to directly interfere with TAFIa activity by reducing the hydrolysis rate of a chromogenic
TAFIa substrate. Indeed, by binding to this region in TAFI, MA-RT13B2 may induce a
conformational change in the aforementioned loop, which could impact both the stability
of TAFIa as well as the accessibility of the active site. The latter is in agreement with the
observation that the binding site of MA-RT13B2 was shown to partially overlap with those
of two other mAbs within the panel, MA-RT30D8 and MA-RT82F12, which directly inhibit
TAFIa activity [113]. Residues Arg227, Ser249, Ser251, and Tyr260 were involved in binding
of both mAbs.
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Figure 2. Localization of different epitopes in the structure of TAFI. (A) Localization of the epitopes of monoclonal
antibodies (mAbs) that interfere with TAFI or TAFIa as determined by mutagenesis studies. The activation peptide (AP)
and the catalytic moiety are colored in dark and light blue, respectively. The dynamic flap region is colored in grey.
Major determinants of the epitopes are indicated as spheres. The cleavage site at Arg92 is indicated as a magenta sphere.
Epitope residues for MA-RT36A3F5 and MA-RT13B2 are indicated by dark blue and light orange spheres, respectively.
Epitope residues for MA-RT30D8 and MA-RT82F12 are indicated by the light and dark orange spheres. Epitope residues
for nanobody VHH-mTAFI-i49, which destabilizes the TAFI proenzyme, are indicated by the brown and light orange
sphere indicated by an asterisk. The epitope residue identified for MA-TCK27A4, which interferes with all modes of TAFI
activation, is indicated by a yellow sphere. The epitope residue for MA-T12D11, which selectively inhibits T/TM-mediated
TAFI activation, is indicated by a purple sphere. Epitope residues for MA-T94H3 and MA-T1C10, which interfere with
both T/TM- and plasmin-mediated TAFI activation, are indicated by pink spheres. Epitope residues for MA-TCK22G2,
which interferes with plasmin- and thrombin-mediated TAFI activation, are represented by green spheres. Epitope residues
for MA-TCK11A9 and MA-TCK26D6, which mainly inhibit plasmin-mediated TAFI activation, are indicated by red and
cyan spheres, respectively. Panel A was generated using the structure of intact human TAFI (PDB ID 3D66). (B) Cartoon
representation of the crystal structure of TAFI in complex with nanobodies VHH-i83 (yellow) and VHH-a204 (orange) (PDB
ID 5HVH). Residues that are engaged in polar interactions with VHH-i83 and VHH-a204 are indicated by pink and green
spheres, respectively. The cleavage site at Arg12 is indicated as a magenta sphere.

Apart from modulating TAFIa activity and destabilizing TAFIa, another concept of
TAFI inhibition was discovered with a nanobody, VHH-mTAFI-i49, which transiently
stimulates the intrinsic activity of TAFI and simultaneously destabilizes the proenzyme,
depleting the pool of activatable TAFI [116]. Epitope mapping revealed that Arg227 and
Lys212 belong to the epitope and suggested that binding of the nanobody destabilizes
TAFI by disrupting the stabilizing interactions between the activation peptide and the
catalytic moiety of PAI-1. Importantly, this hypothesis is in line with the observation that
the activation peptide stabilizes regions both within and outside of the dynamic flap of the
catalytic moiety [56].
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Antibodies that can inhibit T/TM-mediated TAFI activation, either exclusively or in
combination with the inhibition of plasmin-mediated TAFI activation, have been shown
to bind different regions that do not comprise the cleavage site (Figure 2A) [114]. Bind-
ing studies using a human/murine TAFI chimer revealed that the binding sites for these
activation-inhibiting mAbs reside in the N-terminal region of the activation peptide of
TAFI. Residue Gly66 was identified as a major determinant of the epitope of mAbs, such
as MA-T12D11, that exclusively inhibit the T/TM-mediated TAFI activation [114]. Im-
portantly, Gly66 is located on the surface of the protein in close proximity to Arg12 and
the Lys42/Lys43/Lys44 region, which was proposed to be important for TM-stimulated
TAFI activation by thrombin [52,53]. More recently, structures of TAFI in complex with
a nanobody that specifically interferes with TM-dependent TAFI activation, VHH-i83,
revealed that this nanobody directly interacts with Arg12, and thereby sterically blocks the
binding of TM to the triple lysine cluster within the activation peptide (Figure 2B) [35]. In-
terestingly, this nanobody also has a direct inhibitory effect on TAFIa; however, only in the
presence of the activation peptide [35]. Indeed, the structure of the TAFI-CIIYQ/VHH-i83
complex revealed a previously undescribed mechanism of TAFIa inhibition, i.e., tightly
bridging the activation peptide with the catalytic moiety, forming a ternary complex that
resembles the inactive proenzyme in which the active site is shielded. On the other hand,
important binding residues for mAbs that can interfere with both T/TM- and plasmin-
mediated TAFI activation, Val41 (MA-T94H3) and Gln45 (MA-T1C10), are located adjacent
to the triple lysine cluster within the activation peptide but at a distance from Gly66 [114].

Antibodies that only inhibit plasmin and/or thrombin-mediated TAFI activation have
been shown to bind regions outside the activation peptide (Figure 2A). Monoclonal Ab
MA-TCK22G2 was shown to inhibit both plasmin- and thrombin-mediated TAFI activation
and presumably binds to residues Thr147 and Ala148 in the loop connecting β-strand 2 and
3 within the catalytic moiety [48]. Monoclonal Ab MA-TCK11A9 was shown to selectively
inhibit plasmin-mediated TAFI activation. The major determinants of the MA-TCK11A9
epitope were shown to reside in the α4 helix (Lys268, Ser272, and Arg276) in the catalytic
moiety of TAFI [48]. Since the epitope residues for MA-TCK22G2 and MA-TCK11A9 are
located at a distance from Arg92, it was hypothesized that binding of these mAbs might
induce a conformational change or allosteric modulation in the TAFI molecule, preventing
plasmin and/or thrombin to activate TAFI. In the case of MA-TCK26D6, which mainly
inhibits plasmin-mediated TAFI activation, residues Asp87 and Thr88 located within the
activation peptide were shown to contribute to the epitope [49]. It should be noted that this
binding site is located close to the Arg92 cleavage site, which is in line with the ability of
MA-TCK26D6 to also inhibit thrombin-mediated TAFI activation; however, only to a lesser
extent. Apart from the inhibition of plasmin-mediated TAFI activation, a supplemental
inhibitory mechanism was revealed, as MA-TCK11A9 and MA-TCK26D6 also have a direct
inhibitory effect against TAFIa activity on fibrin [115]. Most interestingly, in the presence
of MA-TCK11A9 and MA-TCK26D6, TAFIa was still able to exert its anti-inflammatory
role, through inactivation of pro-inflammatory mediators such as thrombin-cleaved os-
teopontin and C5a. This concept of TAFIa inhibition, leading to a profibrinolytic effect
without compromising the strongly intertwined anti-inflammatory role, might therefore
be of interest for the development of TAFI inhibitors to treat thrombotic diseases. No-
tably, due to the in vitro and in vivo potency and cross-reactivity toward rodent TAFI,
the scFv fragment of MA-TCK26D6 (scFv-TCK26D6) was developed into a bispecific dia-
body format together with PAI-1-inhibiting scFv-33H1F7 [118]. Further in vivo evaluation
and comparison with the standard thrombolytic therapy showed that the diabody, Db-
TCK26D6x33H1F7, holds great promise in both the prevention and treatment of thrombotic
disease [119,120]. Alternatively, taking into consideration the numerous advantages of
nanobodies over conventional antibody formats, such as higher stability, lower immuno-
genicity, and better tissue and clot penetration, it might be of interest to pursue a similar
dual-targeting strategy using bispecific nanobody constructs comprising one anti-TAFI and
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one
anti-PAI-1 nanobody.
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EGF Epidermal growth factor
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PAI-1 Plasminogen activator inhibitor-1
PDB Protein Data Bank
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PTCI Potato tuber carboxypeptidase inhibitor
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TAFI Thrombin activatable fibrinolysis inhibitor
TAFIa Activated thrombin activatable fibrinolysis inhibitor
TAFIai Inactivated conformation of activated thrombin activatable fibrinolysis inhibitor
TAFI-CIIYQ TAFI-S305C-T325I-T329I-H333Y-H335Q
TCI Tick carboxypeptidase inhibitor
TM thrombomodulin
tPA Tissue-type plasminogen activator
T/TM Thrombin/thrombomodulin
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Abstract: The fibrinolytic system provides an essential means to remove fibrin deposits and blood
clots. The actual protease responsible for this is plasmin, formed from its precursor, plasminogen.
Fibrin is heralded as it most renowned substrate but for many years plasmin has been known
to cleave many other substrates, and to also activate other proteolytic systems. Recent clinical
studies have shown that the promotion of plasmin can lead to an immunosuppressed phenotype,
in part via its ability to modulate cytokine expression. Almost all immune cells harbor at least one
of a dozen plasminogen receptors that allows plasmin formation on the cell surface that in turn
modulates immune cell behavior. Similarly, a multitude of pathogens can also express their own
plasminogen activators, or contain surface proteins that provide binding sites host plasminogen.
Plasmin formed under these circumstances also empowers these pathogens to modulate host immune
defense mechanisms. Phylogenetic studies have revealed that the plasminogen activating system
predates the appearance of fibrin, indicating that plasmin did not evolve as a fibrinolytic protease but
perhaps has its roots as an immune modifying protease. While its fibrin removing capacity became
apparent in lower vertebrates these primitive under-appreciated immune modifying functions still
remain and are now becoming more recognised.

Keywords: fibrinolysis; plasminogen activation; immune response; inflammation

1. Introduction

The plasminogen activating (“fibrinolytic”) system is one of the most important
proteolytic cascades in all mammals and indeed in a variety of other species. While con-
ventionally associated with blood clot removal via the generation of the key protease,
plasmin, this system also performs a multitude of other important functions, some of which
are beginning to impact on clinical medicine. Some of these developments, notably on
the actions of plasmin on the immune response have been recently reviewed [1]. Direct
evidence is now emerging, not only from animal models, but also in humans that the
modulation of the plasminogen activating system does indeed impact on immune func-
tion. This review will discuss the link between the plasminogen activating system with
immune function and also argue the case that the evolution of this system may have been
initially directed at immune modulation but which subsequently became adapted for other
functions, including fibrin removal.

2. Plasminogen Activation: A Universal System with a Broad Repertoire

For centuries, blood has been known to clot when outside the body. It was also
observed that clotted blood could also spontaneously dissolve and this was initially put
down to being a result of putrefaction (i.e., just simple protein decay, see [2]). However,
in 1893 biochemical studies on fibrin in clotted human blood revealed that the longer
blood rested on the bench, the lower the concentration of fibrin that was found [3]. Hence,
fibrin was not simply rotting away, but was being removed via some apparent enzymatic
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process. This finding led to the first coining of the term “fibrinolysis” [3]. The biochemical
underpinnings of this newly discovered process were of clear academic interest, but
identifying the protease responsible for attacking the fibrin in the blood was not easy. In fact,
it took another 40 years before scientists stumbled upon an exogenous source of fibrinolytic
activity: the first in the saliva of blood feeding vampire bats by Otto Bier in 1932 [4] and
in the same year, Aoi described a “Fibrolytic” activity in isolates of staphylococcus [5]
that was subsequently identified as staphylokinase (see [6]). In 1933, a fibrinolytic activity
was found in the culture broth of β-haemolytic streptococci [7]. These bacteria were
also responsible for severe bleeding complications in patients and this newly identified
fibrinolytic activity was the likely culprit. The nuts and bolts of the fibrinolytic pathway
were largely revealed using these bacterial sources, mostly from streptococci. Initially the
entity found in streptococci was referred to as “fibrinolysin” but was eventually designated
as “streptokinase”. Critically important experiments revealed streptokinase (and also
staphylokinase) first needed to activate a plasma precursor as first reported by Milstone
in 1941 [8]. This plasma “zymogen” was referred to as “pro-fibrinolysin” (later renamed
as plasminogen) and the active fibrinolytic form as “fibrinolysin” (i.e., plasmin); see [9].
In the meantime, the elusive human-derived plasminogen activators were subsequently
described, the first in 1947 [10] that was detected in human cells (initially referred to as
tissue-cytofibrinolysin, and later as tissue-type plasminogen activator; t-PA) while a urinary
source (urokinase-type plasminogen activator; u-PA) was described in 1952 [11]. While
the fundamental studies using streptokinase and staphylokinase were ground breaking,
mechanistically these bacterial entities were later found to function very differently to the
renowned human plasminogen activators, t-PA and uPA. Indeed, neither streptokinase nor
staphylokinase are plasminogen activators nor kinases. In fact, they are not even proteases
but are rather plasminogen binding proteins: when complexed with plasminogen, the
resulting complex itself becomes a plasminogen activator [12].

During this important period in fibrinolysis research, it did not take long to consider
the possibility that harnessing this process might be of clinical use in patients with throm-
boembolic disease. Indeed, streptokinase was first used clinically in 1949 (in patients
with pleural exudates [13]) and continues to be used today being listed as an essential
medicine by the World Health Organisation (WHO). Staphylokinase was also pursued and
in later years was shown to have distinct benefits over streptokinase; see [14]. Both tPA
and uPA are also widely used agents and therapeutic thrombolysis is now mainstream in
clinical medicine.

On the other side of the coin, it had become apparent early on that excessive fibrinoly-
sis could promote the premature removal of blood clots and cause devastating bleeding.
This led to the development of anti-fibrinolytic agents [15], notably tranexamic acid (TXA)
in the early 1960′s, that is also listed today as an essential medicine by the WHO. Therefore,
after the serendipitous finding that a fibrinolytic process existed in 1893 and the subsequent
laboratory studies that followed into the mid 1940′s, mainstream medicine eventually
exploited this enzymatic pathway for clinical benefit either to remove clots by forcibly
generating plasmin, or by blocking plasmin generation or activity to preserve blood clots
and stop bleeding, even to this day.

It would seem that this story could simply end here, and it probably could if not
for the fact that the plasminogen activating process did not evolve for the sole purpose
of removing fibrin. It also seems an anomaly that the renowned endogenous human
plasminogen activators (t-PA and u-PA) are relatively specific for plasminogen, yet the
formed plasmin is not at all solely specific for fibrin. Indeed, the promiscuous, trypsin-
like substrate specificity of plasmin has empowered it with the capacity to cleave many
targets. Hence, the target specificity of plasmin is derived from the plasminogen activators
themselves that decide on where plasmin is produced. However, depending on the location
and circumstances, plasmin has the potential to act upon numerous targets and in doing so
influence a variety of physiological and even pathological processes.
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Adding more complexity to this is that the list of plasminogen activators has expanded
quite impressively. Even in humans, plasminogen can be activated by other serine proteases
including kallikrein [16] and complement [17] while thrombin can have bidirectional effects
on plasminogen activation [18]. However, there is an even longer list of proteases that
activate human plasminogen from various pathogens as discussed below in Section 4.

Plasminogen itself is expressed at high concentration in human plasma (2 μM), but it is
also present in essentially every other compartment at varying levels, ranging from seminal
fluid [19] to the central nervous system [20] (and see [21]). The primary inhibitor of plasmin,
α2-antiplasmin, is also expressed in many of these locations [22,23]. Nonetheless, with the
range of plasminogen activators available from human and non-human sources (below),
plasmin has the potential to be produced and to be largely controlled by antiplasmin (and
by other molecules) almost anywhere, including locations where fibrin is not even present.

It is not surprising that the broad spectrum of plasmin substrates has implicated the
plasminogen activating system in many processes ranging from wound repair to synaptic
plasticity [24]. There is extensive literature that has summarized these non-canonical
activities in the early 2000′s [25,26] and in more recent times [1,17,27–29]. However, one
key function that may underpin the broad role of this system is its effect on the immune
response. When reflecting on the early findings of the pioneers in this field, a link between
fibrinolysis and the immune response was evident at the very outset but its profound
effect at removing fibrin and the subsequent clinical development of fibrinolytic and anti-
fibrinolytic agents overshadowed any other possible role. Additionally, off-target effects
of fibrinolytic agents in clinical medicine were essentially only related to bleeding (which
was predicted), while side-effects of the use of anti-fibrinolytic agents were generally
negligible [30,31]. However, then again, any possible effects on immune function were not
on the radar anyway. Additionally, off-target effects may not necessarily be deleterious
anyway and would go undetected.

3. Plasminogen, Fibrinolysis and Immune Function

Plasmin(ogen) is now appreciated for its role as an immune modulator interacting
directly with numerous cells of the immune response including monocytes, macrophages
and dendritic cells [1]. Plasmin, formed on the surface of immune cells, is capable of
activating several pro-inflammatory pathways resulting in cytokine production [32]. Even
in healthy humans, simply administering an antifibrinolytic agent results in a significant
increase in pro-inflammatory cytokines within 2h of treatment [33] suggesting that inherent
plasmin formation provides a means to keep inflammation repressed, but this can quickly
change as soon as plasmin is inhibited. This further implicates the entire plasminogen
activation system as an essential part of an innate surveillance network geared to respond
to immune challenges. Much of this immune/inflammatory signalling is mediated by at
least 12 plasminogen receptors that are differentially expressed on the cell surface of almost
all immune cells [34]. For example, cell surface-bound plasmin(ogen) is required for the
efficient migration of macrophages to sites of inflammation [35]. Plasminogen has also
been shown to promote macrophage phagocytosis in mice, with plasminogen-deficient
mice exhibiting a 60% delay in clearing apoptotic thymocytes by spleen and an 85%
reduction in uptake of immunoglobulin opsonised bodies by peritoneal macrophages [36].
Phagocytosis of antibody-mediated erythrocyte clearance by liver Kupffer cells was also
reduced in plasminogen-deficient mice compared to Plg+/+ mice. Gene array studies
of tissues from these Plg−/− mice revealed downregulation of several genes involved
in phagocytosis, suggesting that plasminogen may be able to change the expression of
certain genes contributing to phagocytosis [36]. Plasmin also engages other elements
of innate immunity including the complement cascade, components of the extracellular
matrix as wells as cells of the vasculature including endothelial and smooth muscle cells [1].
In stark contrast to its pro-inflammatory properties, plasmin also exhibits several anti-
inflammatory and immunosuppressive responses. Plasmin(ogen) appears to regulate, via
its receptor, annexin A1, key aspects of inflammation resolution, in particular, macrophage
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reprogramming, neutrophil apoptosis and efferocytosis [37]. Plasmin-treated dendritic cells
for instance fail to undergo maturation following phagocytosis, exhibit reduced migration
to lymph nodes and also stimulate the release of significant amounts of transforming
growth factor-β (TGF-β) which has immunosuppressive properties. These dendritic cells
also have reduced ability to induce allogeneic lymphocyte proliferation. These properties
of plasmin are important in maintaining tissue homeostasis where it aids in initiating a
response to tissue injury while preventing self-reactivity/autoimmunity [36,38].

Hence, it is apparent that pathogens, by harnessing the plasminogen activating path-
way, might gain an additional advantage by counteracting immune defense processes that
are initiated, at least in part, by cell-surface plasmin generation. While there is clearly an
argument that these pathogens would survive host defenses by clearing fibrin, there is
now looming evidence that also suggests that the hijacking of host plasminogen might aid
pathogen survival by using plasmin to disengage some of the key immune pathways as an
effective countermeasure.

4. Microorganisms, Plasmin Formation and Fibrinolysis

As mentioned above, streptokinase and staphylokinase were discovered as a key
molecule released from some strains of β-haemolytic streptococci and staphylococcus,
respectively. However, this is not unique to these particular strains as similar molecules are
produced by many other bacteria (below). Even if a molecule is not produced endogenously,
bacteria almost universally have the capacity to bind plasminogen and to use the host
plasminogen activators as a means to generate localized plasmin. The formed plasmin
is harnessed by these pathogens not only to remove the confines of fibrin, but also to
suppress the host immune response and evade local immune attack [39]. Over 40 binding
proteins have been reported in bacterial species which target plasmin(ogen) [40]. For
example, Mycobacterium tuberculosis has 13 proteins with plasminogen binding potential
and Mycoplasma pneumoniae exhibits 6 [41,42].

Plasminogen binding to these proteins activates a variety of mechanisms aimed at
infiltrating host defences. These include for example the degradation of extracellular
matrix proteins by Leptospira, where urokinase (u-PA) activates bound plasminogen to
plasmin which then degrades fibronectin and laminin [43]. Remarkably, streptokinase of
the non-human streptococci show evolutionary species-specificity for the plasminogen
of the animal host they infect [44–46]. Staphylokinase, secreted by Staphyloccocus aureus,
exhibits high affinity binding to plasminogen in plasma, thus forming a complex that can
effectively activate plasminogen (akin to streptokinase) while also evading the inactivating
capacity of α2-antiplasmin by binding to fibrin [14]. Interestingly, Yersinia Pestis, the
causative pathogen of the plague, which killed a third of the European population in the
14th century, expresses a plasmid gene pla which encodes a surface plasminogen activator
protease with unusual kinetic properties. The expression of this protease increases the
virulence of Yersinia Pestis and is also likely to cleave and inactivate plasminogen activator
inhibitor-1 (PAI-1), increasing the conversion of plasminogen to plasmin and promote
virulence in the host [47–49].

Plasminogen-dependent extracellular matrix degeneration is utilised by the main pathogens
causing bacterial meningitis, H. influenzae, S. pneumonia and N. meningitides [44,50]. Further-
more, plasmin’s proteolytic role is harnessed by bacteria in degrading plasma proteins
and peptides, including complement and immunoglobulins, which are critical in antigen
presentation and processing within the host innate immune repertoire [51]. For example,
Leptospira surface protein Lsa23 not only has the ability to block activation of both the
alternative and classical complement pathways, but binds to and activates plasminogen to
plasmin which in turn degrades complement proteins C3b and C4b, together improving
the chances of evading host immunity [52].

Plasminogen receptors are also expressed on fungi including several Candida species,
Aspergillus, Cryptococcus neoformans and Pneumocystis carinii [53,54]. Many of the receptors
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on Cryptococcus have the ability to activate the host PA system to allow the fungus to cross
tissue barriers including the critical blood–brain barrier [55].

Plasminogen is also important in the invasiveness and pathogenesis of several par-
asites. Trypanosoma cruzi, Leishmania and the malarial parasites Plasmodium falciparum
are known to engage enolase-plasminogen binding as well as uPA in aspects of their
pathogenicity and replication [56,57]. More recently, the fibrinolytic system was reported
to be essential for parasite migration across the dermis and liver [58]. Helminth parasites
also exhibit multiple plasminogen binding proteins as they are in contact with fibrinolytic
proteins within the intravascular space. Recruitment of plasminogen on the worm’s surface
appears to be one method of host immune evasion [40].

Most of the discussion above relates to the consequences of plasmin in modulating
immune surveillance and how this can be intercepted by pathogens. There is also evidence
that the plasminogen activators themselves, and independently of activating plasminogen,
can also modulate immune function. Indeed, catalytically inactive t-PA has been reported
to express inflammatory mediators by macrophages in vitro in a process dependent on LRP-
1 [59]. Another report from the same group implicated a key role for NMDA-1 receptor
signalling in this process and also reported that inactive tPA could block LPS toxicity
in vivo in mice [60]. This same group just recently indicated that enzymatically inactive
t-PA was also protective in a mouse model of inflammatory bowel disease [61].

A summary of the variety of effects of the fibrinolytic system on the immune and
inflammatory responses is presented in Table 1.

Table 1. Properties of plasmin(ogen) in inflammation and immunity.

Target Effects Properties of Plasmin(ogen) References

Proinflammatory
Macrophage and
Monocyte effects

Interacts with macrophage migration and activation via plasminogen receptors.
Promotes cytokine production in macrophages. [32,35,62]

Directly alters gene expression in macrophages by binding plasminogen receptors and
enhancing phagocytic capacity, efferocytosis and foam cell formation. [37,63,64]

Promote macrophage phagocytosis in mice [36]
Potent chemoattractant of monocytes, induces actin polymerisation. [65]

Activates 5-lipoxygenase pathway in monocytes and macrophages resulting in the synthesis
of proinflammatory leukotrienes. [66]

Stimulates JAK/STAT signalling in monocytes resulting in MCP-1 release, further promoting
monocyte recruitment. [67]

Increases phagocytic activity of DCs without causing activation. [38]

Dendritic Cell (DC)
effects

This interaction is involved in the chemoattraction of dendritic cells, T- and B cells.
Triggers chemotaxis of monocyte derived DCs and a T helper type-1 (Th1) phenotype in

CD4+ T cells.
[68]

Indirectly promotes neutrophil recruitment by binding to mast cells and stimulating release
of leukotrienes [69]

Induce expression of CCR6-activating chemokine CCL20 in dermis via induction of NF-kB. [70]
Other inflammatory

effects
Stimulates NF-kB and AP-1, resulting in the production of tumor necrosis factor (TNF)-α,

interleukin (IL)-1α, IL-1β, and tissue factor. [71]

Activates phospholipase A2 in endothelial cells, releasing arachidonic acid and subsequent
production of prostacyclin, enhanced nitric oxide (NO)-mediated vasorelaxation and

chemotactic monocyte chemotactic protein (MCP)-1 release.
[39,72,73]

In pulmonary epithelial cells, plasmin induces cyclooxygenase (COX)-2, resulting in the
release of antifibrotic prostaglandin E-2 (PGE-2). [74]

Promotes complement activation. [17,75]
Binds to platelets via PAR-4 and dose-dependently activate or inhibit platelet activation and

aggregation. Interacts with extracellular matrix, endothelial cells, smooth muscle. [76,77]

Plasmin can activate the Matrix Metalloproteinases, transforming growth factor (TGF)-β,
and neurotrophic factors. [78–80]

Inhibition of DC maturation following phagocytosis thereby inducing a tolerogenic
phenotype.

Reduced migration of DCs to lymph nodes and increase release of TGF-β. Reduction in DC
ability to induce allogeneic lymphocyte proliferation.

[38]

Immuno-suppression
DC effects

Suppression of proinflammatory cytokines
in vivo, reversed by tranexamic acid.

Inhibition of plasmin reduces post-surgical infection rates.
[33]

91



Int. J. Mol. Sci. 2021, 22, 3406

5. Phylogenetic Links with Plasminogen Activation

Phylogenetic studies have further provided compelling evidence to suggest that
plasminogen and the plasminogen activators did not co-evolve but eventually became
brothers in arms perhaps as a matter of convenience. Although plasmin, t-PA and u-PA are
serine proteases, the codon usage used for the active serine in plasminogen (AGT) differs
at two position to that used to encode the serine in t-PA (TCG) and u-PA (TCA) [81]. This
strongly suggests that within the serine protease family, plasminogen evolved separately
(and earlier, see below) from u-PA and t-PA

It has also been reported that the primordial ancestor of plasminogen first appeared in
protochordates (e.g., amphioxus, sea squirt and related species) [82,83], animals that contain
hemolymph that does not even clot but which cross-reacts with anti-human plasminogen
antibodies and was localized to the hepatic diverticulum [84]. Plasminogen cDNA was
cloned from Amphioxus B. belcheri and expressed in E. coli. Studies on this recombinant
protein indicated that it contained two kringle domains in the N-terminus (not five as
in humans) and a serine protease domain in the N-terminus. This molecule also lacked
the PAN domain [85]. It also appeared that a lysine binding domain was conserved in
one of these kringles [85]. Moreover, the amphioxus plasminogen harboured the putative
t-PA/u-PA cleavage site (Arg-Val). The catalytic triad (His-Asp-Ser), critical for protease
function was also present and located at positions corresponding to human plasminogen.
Consistent with these finding the amphioxus plasminogen was shown to generate plasmin
when incubated with human uPA [85]. It is not clear what endogenous proteases were used
to activate plasminogen, since the classical plasminogen activators, t-PA and u-PA, only
appeared around 20 million years later in cartilaginous fish, together with PAI-1 (see [83]).
While protochordates cannot generate fibrin, they do contain a primitive yet full length
fibrinogen molecule that does not harbour thrombin cleavage sites [86]. Hence, the primary
function of this early plasminogen/plasmin molecule had nothing to do with fibrinolysis
per se, yet it remains possible that the co-existing primitive fibrinogen itself could have
been a substrate for this early plasmin. As cell clumping had been observed in sea squirts, it
was speculated by Russell Doolittle that this fibrinogen molecule may have been involved
in mediating cell–cell interactions and perhaps having some innate immune function [86].
It is possible that plasminogen had some regulatory function with fibrinogen that also may
have had some relationship with ancestral complement proteins that were also present in
these animals.

As biological complexity evolved with the appearance of vertebrates that included
a sophisticated clotting system, existing molecules gained new or additional enzymatic
functions (perhaps even re-purposed) to generate and to keep fibrin and other proteins in
check. It is acknowledged that caution is needed in extrapolating primitive functions and
the evolutionary time course of fibrin-targeted proteases using extant species. Nonetheless,
the finding that a bonafide plasminogen exists in an extant species that does not make
fibrin is indicative of another in vivo role of plasminogen, which may have been a primitive
immune function.

6. Conclusions, Clinical Implications and Future Potential

There is no doubt about the importance of the fibrinolytic system in the removal of
fibrin. Indeed, modulation of this process, either by increasing or decreasing plasmin
levels has critically important effects in clinical medicine in relation to the removal of
occlusive clots, or to reduce bleeding, respectively. It could be well argued that fibrin is the
most relevant substrate for plasmin in the setting of thrombosis simply due to the mass
of fibrin that accumulates and the risk that this poses. Under physiological conditions,
where fibrin formation is at background levels, plasmin formation still occurs. Plasmin is
a promiscuous protease, so while it might still be performing some degree of fibrinolysis
under normal conditions, its broad substrate specificity empowers it to cleave other targets,
some of which act in an immune surveillance capacity modulating inflammation. This is
apparent from studies on volunteers administered antifibrinolytic drugs where baseline
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levels of proinflammatory cytokines rapidly increase [33]. There are now many other
reports implicating plasmin, tPA and in fact the entire fibrinolytic system in the immune
response. These immune/inflammatory functions may indeed have been the original
role of this enzymatic system given that plasmin generation occurs in lower order species
(protochordates) where fibrin itself is absent. Understanding the evolutionary origins
of the plasminogen activating system and the realization that perhaps it is not as fibrin
centric as initially thought reveals opportunities to apply and harness these properties for
means not previously considered. Could thrombolysis in acute ischaemic stroke impair
the host immune response in a plasmin-mediated manner while also running the risk
of intracerebral haemorrhage? Could antifibrinolytic therapy in major surgery confer
an immune advantage in recovering patients while also avoiding excessive bleeding?
The answers to these questions are slowly emerging as is the potential for the wider
implications of plasmin(ogen) activation beyond just haemostasis, influencing scientific
research, clinical practice and ultimately patient outcomes. Further research aimed at
harnessing the plasminogen activating system for its immune modulatory properties may
potentially open doors to understanding this unique process further.
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Abstract: Obstructive sleep apnoea (OSA) is a common disease which is characterised by repetitive
collapse of the upper airways during sleep resulting in chronic intermittent hypoxaemia and frequent
microarousals, consequently leading to sympathetic overflow, enhanced oxidative stress, systemic
inflammation, and metabolic disturbances. OSA is associated with increased risk for cardiovascular
morbidity and mortality, and accelerated coagulation, platelet activation, and impaired fibrinolysis
serve the link between OSA and cardiovascular disease. In this article we briefly describe physio-
logical coagulation and fibrinolysis focusing on processes which could be altered in OSA. Then, we
discuss how OSA-associated disturbances, such as hypoxaemia, sympathetic system activation, and
systemic inflammation, affect these processes. Finally, we critically review the literature on OSA-
related changes in markers of coagulation and fibrinolysis, discuss potential reasons for discrepancies,
and comment on the clinical implications and future research needs.

Keywords: obstructive sleep apnoea; OSA; coagulation; fibrinolysis; platelets

1. Introduction

Obstructive sleep apnoea (OSA) is a common sleep-related breathing disorder that has
been associated with an increased incidence of thromboembolic, cardio- and cerebrovas-
cular events. The main direct pathophysiological consequences of the repetitive collapse
of the upper airway during sleep resulting in apnoeas and hypopnoeas are intermittent
hypoxaemia, intrathoracic pressure swings, and arousals. Sympathetic overdrive, hyper-
tension, oxidative stress, shear stress, and metabolic derangements promote endothelial
dysfunction in OSA [1–4]. In addition, there is growing awareness that there are different
phenotypes of OSA based on pathophysiology, symptoms, comorbidities, and long-term
cardiovascular consequences [5,6]. The factors promoting endothelial dysfunction might
differ between phenotypes, and findings of mechanistic studies might not be applicable to
all patients with OSA.

OSA has also been shown to result in a hypercoagulable state, and hypercoagulability
has been proposed as one of the contributing mechanisms for the observed increased
risk of vascular events in OSA [7,8]. Several studies have reported that fibrinogen and
other prothrombotic factors are increased and that fibrinolytic capacity is reduced in OSA.
Endothelial dysfunction, an increase in prothrombotic factors [9], a decrease in fibrinolytic
activity, platelet activation, and changed rheology and viscosity (e.g., increase in haemat-
ocrit as a consequence of nocturnal hypoxaemia) are potential mechanisms explaining a
prothrombotic state in OSA [10]. Although there are several convincing theories for how
the pathophysiological consequences of OSA might result in a procoagulant state, either via
endothelial dysfunction or through interfering with the coagulation cascade or fibrinolysis,
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there is only limited quality evidence on a direct causative relationship between OSA and
a procoagulant state.

To identify relevant articles in this field, the search engine of PubMed was used. The
search strategy was conducted using a combination of keywords in the following order:
“coagulation AND sleep apnoea” OR “coagulation AND OSA” OR “fibrinolysis AND OSA”
OR “coagulation AND hypoxia” OR “coagulation AND inflammation” OR “fibrinolysis
AND hypoxia” OR “fibrinolysis AND inflammation OR “platelet AND sleep apnoea”,
OR “platelet and OSA” OR “platelet AND hypoxia” OR “platelet AND inflammation”.
Moreover, we used all molecule names that were found in the review, for example “factor
XII AND sleep apnoea” OR “factor XII AND OSA” OR “TF AND sleep apnoea” OR “TF
AND OSA” OR “fibrinogen AND sleep apnoea” OR “fibrinogen AND OSA” OR “PAI-1
AND sleep apnoea” OR “PAI-1 AND OSA”. Animal and human studies were included. We
selected case control, randomised controlled, and interventional studies and also thematic
reviews and systematic reviews/meta-analyses. We included articles written in English
published prior to 15.01.2021.

Hypotheses and current evidence on how OSA might promote a disturbance of
haemostasis and coagulation–fibrinolysis balance which results in a prothrombotic state,
data on the effects of OSA treatment on coagulation activity, and the fibrinolytic system as
well as knowledge gaps and future perspectives are discussed.

2. Overview of the Coagulation System and Fibrinolysis and the Role of Platelets

The coagulation system works by adhesion and aggregation of activated platelets
(known as “primary haemostasis”) and formation of a fibrin network via the coagulation
cascade (known as “secondary haemostasis”) [11]. This review focuses mainly on the
secondary homeostasis and its role in the pathogenesis of OSA.

The coagulation cascade includes a series of proteolytic events in which serine pro-
teases activate proenzymes on the surface of activated platelets. The cascade has tradition-
ally been divided into “intrinsic” and “extrinsic” pathways. Current literature divides the
process of coagulation into “initiation”, “amplification”, “propagation”, and “stabilization”
phases [11] (Figure 1).

The activation of the tissue factor (TF, also known as factor III) in combination with
factor VII has been considered as the first step of the coagulation cascade. TF is a membrane-
bound glycoprotein which is constitutively presented in the subendothelium [12]. In case
of endothelial injury, TF is exposed to plasma procoagulants and binds factor VII which
is activated (factor VIIa). Moreover, inducible TF can be expressed by inflammatory
cells, for example in monocytes in response to endotoxin [13] and by vascular endothelial
cells following induction by cytokines such as tumour necrosis factor α (TNFα) [14]. Via
calcium signalling, TF–factor VIIa complex binds factor X and catalyses its conversion
to factor Xa [15]. Factor Xa can be generated as well by the complex of factor IXa and
factor VIIIa after the activation of factor XII–factor XI complex (kallikrein–kinin system,
reviewed in detail [16]). Factor Xa binds and activates factor V, and together they form
the prothrombinase complex (factor Xa–factor Va–factor II). The prothrombinase complex
generates thrombin (factor IIa) from prothrombin (factor II) resulting in the conversion
of circulating fibrinogen (factor I) to insoluble fibrin (factor Ia). This complex is the most
efficient in the presence of calcium and phospholipid surface of the activated platelets [11].
Finally, fibrin is covalently cross-linked by factor XIII resulting in fibrin polymers which are
the major constituents of the clot [17]. Factor XIII binds other anti-fibrinolytic proteins to
fibrin such as α2-antiplasmin (A2AP), thrombin activated fibrinolysis inhibitor (TAFI), and
complement C3. C3 deposits are associated with thinner fibrin fibres, while they do not
affect plasmin formation [18]. Another essential mechanism for clot stability is the presence
of activated platelets [19]. Platelets compress and reduce the volume of the thrombus, and
they interact with fibrin fibres via the GP IIb–IIIa complex.
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Figure 1. The coagulation cascade and fibrinolysis and how obstructive sleep apnoea (OSA) interacts with them. APC—
activated protein C; AT-III—antithrombin III; EPCR—endothelial protein C receptor; IX—factor IX; IXa—activated factor
IX; PAI-1—plasminogen activator inhibitor-1; TAFI—thrombin activated fibrinolysis inhibitor; TAFIa—activated thrombin
activated fibrinolysis inhibitor; TAT—thrombin-antithrombin complex; TF—tissue factor; TFPI—tissue factor pathway
inhibitor; tPA—tissue plasminogen activator; uPA—urokinase plasminogen activator; uPAR—urokinase type plasminogen
activator receptor; Va—activated factor V; VIIIa—activated factor VIII; X—factor X; Xa—activated factor X; XI—factor XI;
Xia—activated factor XI; XII—Factor XII; XIIa—activated factor XII.

The thrombus is lysed by plasmin following activation of plasminogen, which is a
zymogen produced by the liver. The activation can occur on the surface of the thrombus or
the endothelial cell mainly through the tissue plasminogen activator (tPA) or urokinase
(uPA) [20]. The production of both enzymes is induced by thrombin [21]. In plasma
the main activator is the tPA as it has higher affinity to plasminogen than uPA, whilst
uPA is more important in the extravascular activation of plasmin and is involved in cell
migration and wound healing [22]. The tPA is predominantly released by the endothelial
cells and requires fibrin as a cofactor, while uPA is produced by monocytes and the urinary
epithelium and does not need fibrin for its action. Apart from tPA and uPA, members of
the contact pathway, such as activated factor XII, activated factor XI, and kallikrein can also
activate plasminogen [23].

Fibrinolysis occurs both on the thrombus and the surface of cells; however, the former
process is more effective. The fibrin-bound tPa has significantly higher catalytic activity
to activate plasminogen compared to the fluid phase [24]. In addition, the effect of A2AP
is inactivated if the plasmin is bound to fibrin [25]. Moreover, both fibrinogen and fibrin
facilitate plasmin conversion [26]. Cell-surface-related fibrinolysis is achieved by two main
mechanisms. Annexin II may form a complex with S100A10 that binds plasminogen and
tPA independently from fibrin [27]. The other mechanism is mediated by the urokinase
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type plasminogen activator receptor (uPAR) which binds urokinase with plasminogen [28].
The expression and cleavage of uPAR is upregulated by TNFα, interleukin 1β (IL-1β), and
IL-6 [28]. The cleavage is also facilitated by uPA and plasmin leading to soluble uPAR
(suPAR) [28] which is a proinflammatory molecule but can also act as a scavenger receptor
for uPA, inhibiting its function [29].

Once fibrin polymers are degraded by plasmin, fibrin degradation products (FDPs)
are formed. Some of these have immunoregulatory and thrombosis modulatory roles.
The most commonly used FDP in clinical practice is the d-dimer, which reflects thrombus
formation and fibrinolysis [20].

The physiological coagulation cascade is regulated by three main processes. First,
antithrombin forms an inhibiting complex with thrombin and factor Xa, called the thrombin–
antithrombin (TAT) complex [30]. Second, tissue factor pathway inhibitor (TFPI), which
is presented on endothelial cells, inhibits the action of the TF–factor VIIa complex. Third,
thrombin forms a complex with endothelial membrane-anchored thrombomodulin and
activates protein C. Activated protein C (APC) with its cofactor protein S degrades factors
Va and VIIIa resulting in downregulation of the coagulation system [11].

Plasminogen activators are inhibited by plasminogen activator inhibitor-1 (PAI-1),
PAI-2, A2AP, α2-macroglobulin, C1-esterase inhibitor, and protease nexin-1. PAI-1 is
released by the endothelial cells and platelets and is the most important inhibitor of tPA
and uPA [31]. It is upregulated by thrombin; various proinflammatory cytokines, such
as TNFα, IL-6, C-reactive protein (CRP), and transforming growth factor beta (TGF-β);
as well as hormones, such as insulin and cortisol [32]. α2-antiplasmin is produced by
the liver and is a potent inhibitor of plasmin. It regulates fibrinolysis in three ways: by
inhibiting adsorption of plasminogen to fibrin, forming complexes with plasmin, and
making fibrin more resistant to plasmin through cross-linking with factor XIIIa [33]. It
seems that factor XIII is essential to its mechanism [34] as it is inactive if the plasmin is
bound to fibrin without XIII [25]. A further mechanism contributing to the regulation
of fibrinolysis involves TAFI. This molecule is synthesised in the liver and decreases the
number of available plasminogen binding sites, slowing down the fibrinolysis [20].

Activated platelets have a pivotal role in coagulation by providing an activated mem-
brane (such as surface phospholipids) to the coagulation factors and aggregating in the
haemostatic plug. Following endothelial injury, platelets are exposed to the highly throm-
bogenic subendothelium. Subendothelial proteins, such as von Willebrand factor (vWF),
collagen, thrombospondin, and vitronectin, bind to several surface glycoprotein (GP) re-
ceptors of the platelets [11]. vWF multimers bind the platelet GP–Ib–IX–V complex which
reduces platelet velocity. Thus, collagen fibres are able to bind platelet GP–VI and GP–
Ia–IIa complexes, anchoring the platelets to the subendothelium [35]. Notably, vWF is
also secreted by the endothelial cells and protects circulating factor VIII from the prote-
olytical degradation [36]. Adhesion leads to cytoskeleton rearrangement and a change
in platelet shape resulting in platelet activation [37]. Furthermore, platelets can also be
activated directly by thrombin [38], fibrinogen [39], or proinflammatory cytokines such
as platelet-activating factor [40]. Activated platelets release a wide range of mediators to
facilitate further activation and aggregation of other platelets. P-selectin is translocated
from alpha-granules to the platelet surface and binds its ligand P-selectin glycoprotein
ligand 1 (PSGL-1) on leukocytes and endothelial cells [41,42]. This interaction promotes
rolling of leukocytes and platelets on the activated endothelium. Thus, leukocytes can form
a scaffold to fibrin formation. Moreover, P-selectin itself induces fibrin deposition [43].
Adenosine diphosphate (ADP) and thromboxane-A2 (TxA2) released from dense granules
induce vasoconstriction and further platelet activation with increased platelet GP IIb–IIIa
expression [37]. Activation of platelet GP IIb–IIIa leads to plug formation by binding vWF
and causing fibrinogen deposition on the platelet surface. Activated platelets release coag-
ulation factors, such as factor V and factor VIII, resulting in further fibrin formation [44,45]
(Figure 2).
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Figure 2. The mechanism of platelet adhesion and aggregation. 5-HT—serotonin; ADP—adenosine diphosphate; GP
Ia-IIa—glycoprotein Ia-IIa; GP IIb-IX-V—glycoprotein IIb-IX-V; GP IV—glycoprotein IV; PSGL-1—P-selectin glycoprotein
ligand 1; TXA2—thromboxane-A2; vWF—von Willebrand factor.

The two main inhibitors of platelet activation and aggregation are the vasoactive nitric
oxide (NO) and prostacyclin (PGI2) released by the endothelium which work synergistically
in platelets [46,47].

In conclusion, physiological haemostasis is regulated by complex interactions between
coagulation factors and their regulators, platelets, adhesion molecules, and immune cells
and endothelial cells.

3. Current Knowledge on the Effects of OSA on Coagulation, Fibrinolysis, and Platelet
Activation

In theory, OSA can affect all pathways of the Virchow triad and result in endothelial
damage, stasis, and hypercoagulability. Described alterations in the coagulation system
induced by OSA are outlined here.

Intermittent hypoxia is one of the primary proposed mechanisms of haemostatic alter-
ations in OSA. After 4 weeks of exposure to intermittent hypoxia, the levels of fibrinogen,
factor VIII, and vWF were elevated in an animal model [48]. Intermittent hypoxia mod-
ifies the hepatic protein synthesis and aggravates inflammation in the liver which is the
major source of coagulant and anticoagulant factors [49]. Increased expression of hypoxia-
inducible factor-1 (HIF-1) and transcription factor nuclear-kB (NF-kB) is also mediated by
intermittent hypoxia in OSA [50–54] leading to upregulated expression of procoagulant
factors, such as TF and factor VIII [55–57]. Moreover, PAI-I, VEGF, and NOS genes are also
targeted genes of HIF-1 and regulate haemostatic processes [58]. Furthermore, intermittent
hypoxia itself increases the production of TF by suppressing the protein C anticoagulant
pathway in endothelial cells [59]. Enhanced platelet activity and aggregation were also
documented under hypoxic conditions [60,61], and the degree of hypoxia was a significant
predictor of platelet activation [62]. In contrast, a recent study demonstrated reduced
activation of platelet GP IIb–IIIa under hypoxia resulting in an impaired platelet adhesive
function [63].
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Increased sympathetic activity caused by intermittent hypoxia and sleep fragmenta-
tion has also emerged as an important factor in OSA-associated hypercoagulability [64].
Catecholamines increase the levels of circulating factor V and vWF and directly activate the
platelets [65,66]. In the study of Eisensehr et al., elevated epinephrine levels in the morning
correlated with increased haemostasis in patients with OSA [67].

Finally, it has previously been described that chronic inflammation itself leads to
abnormal haemostasis [68]. Intermittent hypoxia and accompanying oxidative stress
may induce the production of proinflammatory cytokines in OSA [69]. Cytokines and
chemokines directly and indirectly activate platelets; thus, they release stored proinflamma-
tory substances [70,71]. Cytokines, such as TNFα and IL-1β, also increase the expression of
TF [14,72]. The extrinsic pathway can be enhanced in parallel by endothelial dysfunction
which is consequently caused by hypoxic and inflammatory processes in OSA [73,74].

The endothelium is the most important factor which regulates coagulation by ensuring
adequate blood flow, serving a barrier to subepithelial prothrombotic extracellular matrix
components and releasing vasoactive regulatory molecules. It is known that intermit-
tent hypoxaemia leads to endothelial injury contributing to impaired regulation of the
coagulation [75]. Endothelin-1 is overexpressed by the endothelial cells in OSA [76] and
leads to increased expression of vWF and TF [77,78]. The glycocalyx is a layer covering
the endothelium which is composed of glycosaminoglycans, proteoglycans, and plasma
proteins [79]. The main regulator of the coagulation cascade, antithrombin III, is bound
to heparan sulphate proteoglycans of the glycocalyx [80]. Systemic inflammatory stimuli,
hyperglycaemia, oxidised low-density lipoprotein cholesterol (LDL-C), and oxidative stress
could damage the glycocalyx, leading to impaired regulation of coagulation [79]. In line
with this, increased turnover of hyaluronic acid, an important component of the glycocalyx,
has recently been reported in OSA [81]. In addition, endothelial dysfunction also promotes
platelet activation and aggregation by increased release of vWF and plasminogen activator
inhibitor-1 (PAI-1) and decreased production of NO and PGI2 from the endothelial cells [82]
(Figure 3).

Clinical studies in patients with OSA supported the findings from basic science and
model studies. The levels of TF were elevated in OSA [83,84]. The concentration of TF
was directly related to the percentage of time spent with an oxygen saturation < 90% [83]
and oxygen desaturation index (ODI) [84] highlighting the role of intermittent hypoxia.
Notably, higher plasma levels of TF were also associated with polysomnographic indices
of sleep fragmentation in participants without a history of OSA, indicating that sleep
disruption itself alters the coagulation system [85]. However, another study did not show a
correlation between TF levels and the arousal index in patients with OSA [83]. In the study
by Robinson et al., the plasma levels of factor VIIa and factor XIIa were significantly higher
in the OSA group compared to controls. However, there was no correlation between these
coagulation factors and the severity of OSA [86]. Plasma fibrinogen levels were elevated
in patients with OSA in most [87–89] but not all studies [90]. In a recent meta-analysis on
prothrombotic markers including 2190 participants from 15 studies, patients with OSA
had significantly higher plasma fibrinogen levels compared with controls [9]. Wessendorf
et al. demonstrated that elevated circulating fibrinogen was associated with the severity
of OSA in patients with concomitant history of stroke suggesting a possible link between
OSA-associated hypercoagulation and cerebrovascular complications [89] (Supplementary
Table S1).
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Figure 3. The role of endothelium in regulation of haemostasis (A) and endothelial injury (B) in OSA. AT-III—antithrombin
III; HYAL—hyaluronidase; LDL-C—low-density lipoprotein cholesterol; MMPs—matrix metalloproteinases; NO—nitric
oxide; PAI-1—plasminogen activator inhibitor-1; PGI2—prostacyclin; ROS—reactive oxygen species; TF—tissue factor;
vWF—von Willebrand factor.

Tissue plasminogen activator is released by thrombin, proinflammatory cytokines,
and vascular endothelial growth factor (VEGF) from the storage granules in endothelial
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cells [91]. Markers of systemic inflammation [92], thrombin [86,93], and VEGF levels [94]
are increased in OSA, theoretically contributing to high tPA levels. However, the data on
the levels of tPA are contradictory, as no difference in tPA levels [95] and activity [96], higher
tPA levels [97], and lower tPA activity [95] were consistently reported in OSA. The circadian
variation in tPA levels and activity could be a possible explanation for the contradictory
results [95]. tPA together with uPA are rapidly cleared by the liver following forming
complexes with LDL-receptor like protein [91]; however, it is not clear if this mechanism
is altered in OSA. Several drugs, such as steroids, statins, and valproic acid, may induce
tPA release. Differences in medication usage of the studied populations could also lead
to discrepancies. Only one study investigated uPA levels in OSA and reported lower
concentrations [97]. The expression of uPA is induced by oestradiol [98] and survivin [99],
the levels of which are decreased in OSA [100,101]. Urokinase is activated by plasmin
and kallikrein [102]. The latter was found to show decreased expression in OSA [103].
The soluble levels of uPAR were found unaltered in OSA [104,105]. The expression of
uPAR is upregulated by proinflammatory cytokines [28,106–108] and TGF-β [109,110].
While inflammation is accelerated [92], reduced levels of TGF-β were reported in OSA [97].
Although suPAR levels in general reflect uPAR expression, it is noteworthy that the cleavage
of uPAR may be reduced in OSA due to the low levels of uPA and activated plasmin. Factor
XII is a weak activator of plasminogen. Its levels were reported to be increased in OSA [86].
The urinary levels of kallikrein, another weak plasminogen activator were found to be
reduced in children with OSA [103] (Supplementary Table S2).

The regulator pathways of the coagulation cascade have not been extensively investi-
gated. The levels of APC were comparable between the OSA and non-OSA groups in the
study of Takagi et al. [93]. Endothelial protein C receptor (EPCR) and thrombomodulin
promote the activation of protein C. Whilst the blood and urinary levels of EPCR were
increased in OSA [111], there was no difference in thrombomodulin [93]. Apolipoprotein
H inhibits the activation of protein C [112], and their levels were increased in OSA [113].
Whilst antithrombin itself has not been measured in OSA before, the levels of TAT com-
plex were higher in patients with OSA compared to the control group, and there was an
association between TAT levels and OSA severity measured by ODI or AHI in some [86,93]
but not all studies [114]. Annexin V also has anticoagulant properties as it competes with
prothrombin for phosphatidylserine binding sites [115]. Increased frequency of Annexin
V+ endothelial cells [116] and Annexin V+ microparticles [117,118] were reported in OSA
suggesting that this molecule may serve in a negative feedback mechanism of OSA-related
coagulation (Supplementary Table S1).

Most studies reported elevated PAI-1 levels in blood samples of patients with
adult [95,96,119–124] and paediatric [125] OSA. Although the study by Nizankowska-
Jedrzejczyk et al. did not find a difference in PAI-1 levels [126], the total number of patients
and controls was relatively low (n = 38). The levels of PAI-1 are directly related to dis-
ease severity [95,119,122,127], emphasising the role of OSA in increased PAI-1 expression.
The increased PAI-1 levels in OSA are not surprising, as PAI-1 expression is increased
by hypoxaemia [128], systemic inflammation [129], oxidative stress [130], cortisol, and
angiotensin II [129]. Another potential mechanism explaining increased PAI-1 levels could
be the decreased expression of the klotho in OSA [131]. Klotho is an anti-inflammatory,
anti-aging protein, and increased PAI-1 levels were found in klotho deficient mice [132].
However, PAI-1 levels need to be interpreted carefully, as a significant circadian variation
of PAI-1 has been described previously [95,124]. This variation is due to both direct con-
trol of PAI-1 expression by the circadian genes and diurnal variation of hormones [129].
Interestingly, the variation is larger in patients with OSA than in non-OSA controls [95].
Significantly higher levels of A2AP levels were reported in OSA, and they were related to
disease severity [119]. The reason for these changes was not investigated in detail but could
be due to the increased IL-6 levels in OSA which induce A2AP formation [133]. The levels
of TAFI were reported to be higher in OSA [126]. This molecule is activated by thrombin,
plasmin, trypsin, and neutrophil elastase [134]. However, the potential of thrombin to
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active TAFI is multiplied by thrombomodulin which is unaltered in OSA [93] suggesting
that TAFI activation is weak in OSA. The fibrin is stabilised by the complement C3 which
has been previously reported to be higher in OSA [135] (Supplementary Table S2).

Increased platelet activation and aggregation were described in OSA in several [136–139]
but not all studies [96,140]. Platelet aggregation was higher in severe OSA compared to
mild disease [67] and correlated with AHI [136]. GP–Ib is a marker of platelet activity
and it is downregulated and internalised during platelet activation [141]. GP–Ib receptor
density in platelets was downregulated in OSA indicating increased platelet activation
and platelet reactivity; however, GP IIb–IIIa expression did not differ between the OSA
and control group [62]. Another marker of platelet activation, P-selectin was measured in
higher concentrations in patients with OSA compared to controls in some [86,126,142,143]
but not all studies [62,117,144]. The results of studies on the role of vWF in OSA are
inconsistent. In some studies, vWF levels were significantly higher in the OSA group
compared to controls [83,104]. However, Zamarrón-Sanz et al. did not detect any difference
in vWF levels between OSA and controls [145]. Platelet-derived microparticles (PMPs)
are generated during platelet activation. PMPs are also suggested to provide an activated
surface for the coagulation cascade with 50–100× higher procoagulant activity compared
to the activated platelets [146,147]. The levels of PMPs were higher in OSA [148,149] and
correlated with disease severity [149] in most but not all studies [139]. Significantly higher
platelet counts were detected in OSA [150] and children with OSA [151,152] compared to
healthy individuals. Moreover, there was an association between platelet count and disease
severity in patients with OSA and manifest cardiovascular disease [153] (Supplementary
Table S3).

Elevated blood coagulability was confirmed by clinical coagulation tests in OSA.
Prothrombin time (PT) is used in clinical practice to evaluate the function of the extrinsic
and common coagulation pathways, and activated partial thromboplastin time (aPTT)
reflects the abnormalities of the intrinsic pathway [154]. A recent study measured a
significantly shorter PT and unchanged aPTT especially in patients with moderate to severe
OSA compared to controls, suggesting an activated extrinsic pathway in OSA [150].

OSA is associated with a procoagulant state due to increased levels of coagulation
factors, enhanced platelet activation and aggregation, and endothelial dysfunction induced
by intermittent hypoxia and inflammatory processes. However, the relationship between
OSA and some individual coagulation factors or regulator molecules is controversial.
Future randomised controlled studies are warranted to gain a more precise understanding
of haemostasis in OSA.

4. The Effect of OSA Treatment on Coagulation, Fibrinolysis, and Platelet Activation

Limited data are available on the effects of OSA therapies on haemostatic alterations,
and the findings are inconsistent. One month of continuous positive airway pressure
(CPAP) therapy failed to decrease the levels of activated factor VIIa, factor XIIa, and factor
VIIIa [86]. In contrast, another study demonstrated a significant post-CPAP decrease in 24 h
concentrations of factor V, factor VIII, and vWF especially in the nocturnal and morning
periods. However, factor VII levels remained unchanged after 2 months of treatment with
CPAP [155], yet another study reported a significant decrease in factor VII levels after
6 months of therapy [156]. Whilst some authors found no difference in plasma fibrinogen
levels [86,140,155,157], another group detected decreased fibrinogen concentrations in
response to CPAP therapy; however, the sample size was small (n = 11) in this study [158]
(Supplementary Table S1).

Neither uPA nor tPA concentrations changed following CPAP treatment [97]. Two stud-
ies reported that PAI-1 levels decreased following two weeks [159] and one month [97]
of CPAP treatment, respectively. However, another well-designed study did not find any
change in PAI-1 levels following two months of CPAP usage [155]. This may suggest that
the short-term beneficial effect of CPAP may be reversed by homeostatic factors in the long
term. More concordant is the lack of effect of CPAP on the diurnal variability of PAI-1
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levels in OSA [121,155]. Treatment with a mandibular advancement device (MAD) did
not change PAI-1 concentrations [126]. In contrast, PAI-1 levels significantly decreased
following adenotonsillectomy in children with OSA [160]. Finally, PAI-1 concentrations
were decreased following sleeve gastrectomy [161] compatible with the fact that PAI-1
partly originates from adipose tissue [129]. TAFI levels significantly decreased following
treatment with MAD [126] (Supplementary Table S2).

Several studies found a decrease in platelet activation and aggregation after one night
or one to three months of CPAP therapy in OSA [136,138,162,163]. However, whilst platelet
aggregation was reduced following 90 days of CPAP therapy, there was no difference
at 30 days [164]. P-selectin was not influenced either by CPAP [86] or by MAD [126];
however, in another study CPAP resulted in a decrease in P-selectin levels [138]. Most of
the studies did not report significant changes in the levels of vWF [83,86,121,159], with one
exception [155] which had a cross over design with a 1 month washout period. Significantly
decreased levels of vWF were detected 6 months after upper airway surgery [165]. Two
weeks of CPAP withdrawal resulted in an elevation in the levels of PMPs [166]; however,
the same workgroup also reported conflicting results [167]. Higher body mass index and
disease severity of participants in the former study may explain the different results. PT
and aPTT were increased following 30 days of CPAP therapy [163] and upper airway
surgery [168] (Supplementary Table S3).

The effect of OSA therapies on haemostasis is inconclusive. Several studies demon-
strated that short- and long-term CPAP therapy had beneficial effects on coagulation system
and platelet function in OSA. However, CPAP failed to improve the procoagulant state in
OSA in other reports. Further adequately powered randomised controlled studies with
higher treatment efficacy and adherence are required to determine the effects of CPAP
therapy on the haemostatic alterations.

5. Discussion of Major Findings

As outlined above, several pathophysiological consequences of OSA, particularly
intermittent hypoxia, sympathetic activity, systemic inflammation, and consequential
endothelial dysfunction, may result in a hypercoagulable state, platelet activation, and
impaired fibrinolytic capacity. Some data from in-vitro studies and animal models have
been confirmed in case control studies in patients with OSA. However, there are also
controversial findings, particularly on the effect of OSA treatment on the finding of changes
in coagulation or fibrinolysis. Many studies had methodological limitations or were not
designed to primarily assess coagulation, and the few randomised controlled trials (RCTs)
had a limited sample size. In addition, the severity of OSA and the associated hypoxic
burden differed between studies. However, whether the discrepancies between studies are
due to the differences in OSA severity and the phenotype or limitations in study design is
speculative.

Some findings on hypercoagulability and a disturbed coagulation–fibrinolysis balance
have been consistently shown and support the role of hypercoagulability as one of the
mechanisms explaining the observed incidence of vascular events in OSA. For instance,
elevated levels of PAI-1 are known to increase the risk for myocardial infarction [169,170].

How hypercoagulability and impaired fibrinolysis are affected by comorbidities has
not been systematically studied in large sample sizes. Coexistent comorbidities, such as
obesity, may lead to systemic inflammation and liver damage that also leads to abnor-
malities in coagulation [10,171]. This could be an explanation for the lack of change in
coagulation factors following CPAP therapy [86]. Of note, most studies assessed short-term
effects of CPAP therapy on the coagulation system. It is also unclear whether effective
treatment of OSA with CPAP could reduce the cardiovascular risk that is attributable to
disturbances in the coagulation system or fibrinolysis.

Limitations in study design that do not allow for causative associations to be estab-
lished between OSA and changes in coagulation or that do not adequately control for
comorbidities or OSA severity or phenotypes are a common problem. However, there
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are some data from RCTs and meta-analyses that strengthen the level of evidence, e.g.,
on increased levels of procoagulant and platelet-derived microvesicles or fibrinogen in
OSA [166,172].

6. Clinical Implications

A procoagulant state in OSA may make OSA patients more susceptible to both venous
thromboembolism and thrombus formation on arterial plaques resulting in pulmonary
embolism, deep vein thrombosis, acute coronary syndrome, and stroke [1,2,173]. The
findings on hypercoagulability and impaired fibrinolysis lead to the hypothesis that OSA
both promotes occurrence of vascular events in patients with atherosclerosis due to hyper-
coagulability and results in more severe end organ damage in case of an ischemic vascular
event as a consequence of the impaired clot lysis.

The current knowledge on OSA as risk factor of a procoagulant state should be
implemented in treatment recommendations together with comorbidities and other cardio-
vascular risk factors. In addition, measures of coagulation and fibrinolysis could be used
for phenotyping patients and risk assessment.

7. Implications for Research

Due to the limitations in study design of previous studies on coagulation and fibrinol-
ysis in OSA and due to relevant confounding factors, such as obesity and comorbidities,
conclusions on the causative relationship on OSA and hypercoagulability are somewhat
limited, and the quality of evidence needs to be improved. Potential causative associations
between OSA and hypercoagulability and the role of comorbidities is a research topic
that needs to be further investigated in well-designed studies using different models and
designs.

8. Summary

In summary, there is evidence that OSA results in elevated levels of fibrinogen and
increased platelet activity, promotes platelet adhesion and aggregation, and results in an
impaired fibrinolytic capacity. A hypercoagulable state and impaired fibrinolysis pro-
mote thrombotic events, and this might be one of the several underlying mechanisms
linking OSA with an adverse cardio- and cerebrovascular outcome. Several other patho-
physiological consequences of OSA that differ between phenotypes of OSA, clustering
of cardiovascular risk factors, and comorbidities might define the vascular risk that OSA
induces in an individual. However, hypercoagulability, fibrinolysis, and haemostasis are
potential therapy targets that can be influenced either via the coagulation system or the
endothelium.
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Abstract: Plasminogen activator inhibitor-1 (PAI-1) is the main physiological inhibitor of plasminogen
activators (PAs) and is therefore an important inhibitor of the plasminogen/plasmin system. Being
the fast-acting inhibitor of tissue-type PA (tPA), PAI-1 primarily attenuates fibrinolysis. Through
inhibition of urokinase-type PA (uPA) and interaction with biological ligands such as vitronectin and
cell-surface receptors, the function of PAI-1 extends to pericellular proteolysis, tissue remodeling and
other processes including cell migration. This review aims at providing a general overview of the
properties of PAI-1 and the role it plays in many biological processes and touches upon the possible
use of PAI-1 inhibitors as therapeutics.

Keywords: plasminogen activator inhibitor-1; PAI-1; fibrinolysis; cardiovascular disease; cancer;
inflammation; fibrosis; aging

1. Introduction

Plasminogen activator inhibitor-1 (PAI-1) belongs to the family of serine protease
inhibitors (serpins) and is an important regulator of the plasminogen/plasmin system
(Figure 1) [1]. This system revolves around the conversion of the zymogen plasmino-
gen into the active enzyme plasmin through proteolytic cleavage that is mediated by
plasminogen activators (PAs). When mediated by tissue-type PA (tPA), plasmin is primar-
ily involved in fibrinolysis as it degrades the insoluble fibrin meshwork that constitutes
blood clots. Through urokinase-type PA (uPA)-mediated plasminogen activation, the
function of the plasminogen/plasmin system extends to pericellular proteolysis associated
with processes including tissue remodeling and cell migration. Since its discovery, the
(patho)physiological role of PAI-1 has been extensively studied in humans as well as in
diverse disease models in animals. A link has been demonstrated between PAI-1 and
various diseases including cardiovascular disease (CVD), metabolic disturbances, aging,
cancer, tissue fibrosis, inflammation, and neurodegenerative disease. As a consequence,
several PAI-1 inhibitors have been developed to further study the role of PAI-1 in disease
models and to explore their potential applications in a therapeutic setting. This narrative
review aims at providing a general overview of the properties of PAI-1 and the role it
plays in many biological processes and touches upon the possible use of PAI-1 inhibitors as
therapeutics.
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Figure 1. Schematic overview of the regulatory role of plasminogen activator inhibitor-1 (PAI-1) in the plasminogen
activator/plasmin system. Upon vascular injury, the coagulation process ultimately generates thrombin which acts upon
fibrinogen to form an insoluble fibrin clot. This coagulatory response is balanced by the fibrinolytic system. Plasminogen
activators (PAs) tissue-type PA (tPA) and urokinase-type PA (uPA) convert plasminogen to proteolytically active plasmin.
Plasmin, the key enzyme of the fibrinolytic system, degrades the fibrin clot into soluble fibrin degradation products. Through
uPA-mediated plasminogen activation, the function of plasmin extends to pericellular proteolytic processes, involving
activation of matrix metalloproteinases (MMPs), tissue remodeling, cell migration and adhesion, and inflammation. PAI-1 is
an important regulator of the plasminogen activator/plasmin system as it interferes with plasminogen activation by directly
inhibiting tPA and uPA.

2. PAI-1 Synthesis and Distribution

PAI-1 is the primary physiological inhibitor of plasminogen activators tPA and uPA.
It was first detected almost four decades ago as an inhibitor of the fibrinolytic system
produced by cultured bovine endothelial cells [2], but can be expressed by several other cell
types in various tissues [3–5]. The expression and release of PAI-1 is strongly regulated by
various factors, including growth factors, inflammatory cytokines, hormones, glucose, and
endotoxins [6,7]. PAI-1 is synthesized as a 45-kDa single-chain glycoprotein comprising
379 or 381 amino acids depending on alternative cleavage sites for signal peptidases [8].
Three potential glycosylation sites have been identified based on the amino-acid sequence,
of which Asn209 and Asn265 display a tissue-type specific glycosylation pattern [9]. In
the blood, PAI-1 circulates in two distinct pools, free in plasma or retained in platelets [10].
Even though plasma PAI-1 circulates at relatively low levels (5–50 ng/mL), it mainly adopts
the active conformation. In contrast, the main blood pool of PAI-1 is retained in platelets
(up to approximately 300 ng/mL) and was found to be only 2–5% functionally active upon
lysis of platelets [11,12]. However, more recent studies demonstrated that upon platelet
activation platelet-derived PAI-1 may be present in the active conformation at significantly
higher levels [13,14], presumably due to de novo PA-1 synthesis through translationally
active PAI-1 messenger RNA of which the synthesis rate is importantly upregulated by
platelet activation [13]. Furthermore, platelet activation results in the release of PAI-1
followed by partial retention of PAI-1 on the platelet membrane, thereby contributing to
thrombolysis resistance of the clot [14–16].

3. PAI-1 Structure and Function

3.1. PAI-1 Is an Inhibitory Serpin

As a member of the serpin superfamily, PAI-1 displays their common highly ordered
structure that is characterized by three β-sheets (A, B, and C) and nine α-helices (hA
through hI) [17,18]. PAI-1 is synthesized in a metastable active conformation, exposing
a flexible reactive center loop (RCL) at the top of the molecule. The RCL comprises
26 residues (designated P16 to P10′), including a bait peptide bond that mimics the normal
substrate of the PAs (designated P1-P1′).
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Upon interaction, the PA binds to PAI-1 through the P1-P1′ reactive center and several
exosite regions adjacent to the RCL to form a noncovalent Michaelis complex. Subsequently,
the PA active site serine (tPA-Ser478 or uPA-Ser195) attacks the P1-P1′ bond to form a
tetrahedral intermediate with PAI-1. Successful cleavage of this bond yields the acyl-
enzyme intermediate in which the PA is covalently linked to the P1 residue in PAI-1. The
PAI-1/PA reaction then follows a branched pathway mechanism in which PAI-1 either acts
as an inhibitor or a substrate towards the PA.

In the inhibitory pathway, the acyl-enzyme intermediate is converted to an irreversible
inhibitory complex by full insertion of the N-terminal part of the RCL (P16-P1) as strand 4
into the central PAI-1 β-sheet A. Simultaneously, the PA is translocated to the opposite side
of the PAI-1 molecule where a large part of the PA is deformed by compression against
the body of PAI-1 [19,20]. Deformation of the PA and especially its active site prevents
hydrolysis of the acyl-enzyme intermediate and traps the PA as a stable PAI-1/PA complex.

In contrast, the substrate pathway is characterized by hydrolysis of the acyl-enzyme
intermediate prior to PA distortion, resulting in the release of regenerated PA from cleaved
PAI-1 [21,22]. Substrate behavior of PAI-1 has been associated with either the existence
of a conformational distinct substrate-like subset of PAI-1 [23,24], or can be induced by
changing the kinetic parameters that underlie the branched pathway mechanism in favor
of the substrate pathway [25,26].

3.2. PAI-1 Stability

PAI-1 is unique among serpins as active PAI-1 spontaneously converts into a thermo-
dynamically stable latent form by slowly self-inserting the N-terminal part of the RCL into
the core of the PAI-1 molecule. As a result, the P1-P1′ reactive center becomes inaccessible
for PAs [27]. Whereas this transition occurs with a functional half-life of approximately
two hours at 37 ◦C in vitro, the active form of PAI-1 is stabilized at least two-fold in vivo
by the association with vitronectin in plasma and the extracellular matrix [28,29]. Further-
more, external conditions (ionic strength [29,30], pH [29], metal ions [31], arginine [32,33]),
binding to other proteins (α1-acid glycoprotein [34], antibodies [35]), and mutagenesis [36]
have been shown to also affect the stability of PAI-1 (reviewed elsewhere [37]).

3.3. Interactions with Non-Proteinase Ligands

Apart from binding and inactivating PAs, PAI-1 can also interact with non-proteinase lig-
ands including vitronectin and members of the low-density lipoprotein receptor (LDLR) family.
Through these interactions, the functions of PAI-1 extend to various (patho)physiological
processes not relying on its anti-protease activity.

As mentioned, active PAI-1 is importantly stabilized through allosteric modulation by
its high-affinity interaction with the aminoterminal somatomedin B (SMB) domain of the
glycoprotein vitronectin. Vitronectin is abundantly present in plasma (~300 μg/mL) and
the extracellular matrix and plays a pivotal role in tissue remodeling, cell differentiation
and migration, and inflammation. These effects are mediated by binding of the SMB
domain or the neighboring Arg-Gly-Asp (RGD) motif [38,39] of vitronectin to cell surface-
associated proteins including integrins and transmembrane receptors such as the uPA
receptor (uPAR), which initiates intracellular signaling events. Due to the proximity of the
binding sites for PAI-1, integrins, and uPAR, PAI-1 can interfere with vitronectin function
as it competes with integrins and uPAR for binding to vitronectin.

Adjacent to the vitronectin binding site, PAI-1 also displays a high-affinity binding
site for receptors of the LDLR family, such as LDLR-related protein 1 (LRP1) and the
very-low-density lipoprotein receptor [40]. Whereas cleaved, latent, and native PAI-1
depend on LRP1 for cellular clearance, clearance of the PAI-1/uPA complex is greatly
enhanced by the involvement of uPAR. By interacting with uPA, which is in turn associated
with the cell surface uPAR, PAI-1 is localized to the cell-surface, thereby facilitating the
interaction between the PAI-1 moiety within the PAI-1/uPA/uPAR complex and LRP1.
Subsequently, internalization of the complex through endocytosis results in the degradation
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of the PAI-1/uPA complex and recycling of free uPAR to the cell surface. Since both the
uPAR and LDLR receptors are important for intracellular signaling as well, binding of
PAI-1 or the PAI-1/uPA complex can either indirectly affect signaling activity by regulating
receptor levels on the cell surface, or directly by inducing receptor activity through a direct
binding interaction.

4. Role of PAI-1 in Diverse Pathologies

The role of PAI-1 in diverse (patho)physiological processes has been extensively
studied in humans, in mice being genetically or functionally deficient for PAI-1, or in
transgenic mice overexpressing PAI-1. A link has been demonstrated between PAI-1 and
various diseases including cardiovascular disease (CVD), metabolic disturbances, aging,
cancer, tissue fibrosis, inflammation, and neurodegenerative disease.

4.1. PAI-1 in Cardiovascular Disease

Hemostasis is an important physiological process for maintaining vascular integrity
and securing a sufficient blood flow throughout the circulatory system. Therefore, it re-
quires a dynamic interplay between the vascular system, blood platelets, the coagulatory
system, and the fibrinolytic system. As PAI-1 is a major inhibitor of the fibrinolytic system,
elevated PAI-1 levels create a hypofibrinolytic or prothrombotic state that may contribute
to the development of CVD. The recent 2018 report issued by the World Health Orga-
nization [41] once more underscores the high mortality rate for cardiovascular diseases,
accounting for an estimated 17.8 million deaths worldwide in 2016. An important fraction,
i.e., 87% of the deaths caused by CVD, can be contributed to ischemic heart disease (IHD)
and stroke. Both IHD and stroke occur when the blood supply to either the heart or
the brain is insufficient due to blockage of the blood vessels supplying the organ. This
blockage is often caused by the formation of a blood clot (thrombosis) or a buildup of
plaque (atherosclerosis), two processes that often coincide with increased plasma PAI-1
levels. Transgenic mice overexpressing wild-type or a stabilized active mutant of hu-
man PAI-1 were shown to develop either transient venous thrombosis or age-dependent
coronary arterial thrombosis and myocardial infarction, respectively [42,43]. Myocardial
infarction is often caused by occlusive thrombus formation that is triggered by the ex-
posure of a procoagulatory surface following disruption of an atherosclerotic plaque in
the coronary arteries [44]. Several cell types associated with atherosclerotic plaques in
human coronary arteries have been shown to overexpress PAI-1, with the highest levels
found in the vulnerable part of the plaque [45–48]. Through local inhibition of plasmin
generation, PAI-1 can reduce tissue remodeling and potentially stabilize the fibrin matrix
of the developing plaque. Furthermore, studies on the effects of pharmacological PAI-1
inhibition on atherogenesis in mice with obesity and metabolic syndrome also suggested a
role for PAI-1 in adipose tissue inflammation, macrophage accumulation, and inducing
senescence of smooth muscle cells through its interaction with LRP1 [49]. Whereas several
studies demonstrated substantial evidence for PAI-1 as an independent risk factor for CVD
including myocardial infarction and stroke [50–52], coronary heart disease [53], venous
thrombosis [54], and atherosclerosis [45,55], other studies could not confirm these associa-
tions or the significance for the link was lost after adjusting for other risk factors, such as
age, sex, and metabolic abnormities [52,56–58].

4.2. PAI-1 in Metabolic Disturbances

Several epidemiological studies have demonstrated that elevated circulating PAI-1
levels and PAI-1 activity are an important feature of or even a marker for the develop-
ment of metabolic disturbances including obesity, type 2 diabetes, and metabolic syn-
drome [59–61]. Metabolic syndrome is a multifactorial disease characterized by a cluster of
co-occurring metabolic abnormalities that include central obesity, impaired glucose toler-
ance, hyperinsulinemia, dyslipidemia, and hypertension. Furthermore, these symptoms
are all well-documented risk factors for cardiovascular disease and diabetes [62] and it has
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been shown that individuals with the metabolic syndrome are at higher risk for developing
these comorbidities [63]. Importantly, elevated levels of glucose [64] and insulin [65,66] and
its precursors [67], and free fatty acids [66,68] have been shown to induce PAI-1 expression
or to reduce the rate of PAI-1 mRNA degradation [69]. Moreover, it was demonstrated
in obese mice [70] and later confirmed in human adipose tissue [71] that adipocytes are
an important source of PAI-1, underscoring the contribution of enlarged adipose tissue
to circulating PAI-1 levels. On the other hand, obesity, type 2 diabetes, and metabolic
syndrome are often associated with a chronic state of inflammation that is characterized
by overexpression of inflammatory adipokines, such as interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α) [72], which induce PAI-1 expression in adipose tissue [73,74].
These increased PAI-1 levels further contribute to the development of inflammation in
adipose tissue by increasing the number of inflammatory macrophages that infiltrate in the
tissue [75]. Apart from the positive correlation between inflammatory markers and PAI-1
levels, a link has also been observed between PAI-1 and lipid metabolism in obesity [76,77].
In this respect, higher PAI-1 levels coincide with a decreased mean low-density lipoprotein
(LDL) size and higher amounts of small-dense LDL lipoprotein fraction, which importantly
contribute to the atherogenic lipid profile and increased cardiovascular risk in obesity [76].
Of note, several studies have shown that PAI-1 deficiency [78–80], pharmacological inhibi-
tion of PAI-1 [81], and a reduction in plasma PAI-1 levels through dietary restrictions [82]
are protective against the development of obesity and metabolic disorders.

4.3. PAI-1 in Inflammation and Infectious Disease

Acute phase proteins, such as PAI-1, play an important role in inflammatory and
immune responses following infectious and/or noninfectious injuries. Several studies
have shown that PAI-1 is a critical mediator of the early host defense response that is
necessary for the eradication of various pathogens [83–85]. In contrast, uncontrolled
inflammation is an essential component of several diseases including respiratory diseases,
such as acute respiratory distress syndrome (ARDS) caused by bacterial or viral infections
or sepsis [86]. Two characteristic features of ARDS, namely the formation of intravascular
micro-thrombi and fibrin deposits in the alveolar space, are often the combined result
of tissue factor generated by inflammatory cells (procoagulatory) and PAI-1 produced
by endothelial cells (antifibrinolytic) [87]. Recently, it was shown that, in patients with
severe coronavirus disease 2019 (COVID-19), plasma PAI-1 levels were as highly elevated
as compared to patients with bacterial sepsis or ARDS [88]. As mentioned, expression of
PAI-1 can be induced by a wide range of pro-inflammatory mediators including IL-6 and
TNF-α, which are known as components of the cytokine release syndrome that is observed
in many patients with severe COVID-19 [89]. Another study revealed that elevated levels
of the PAI-1/tPA complex were related with disease severity and could be considered an
independent risk factor for death in patients with COVID-19 [90]. By affecting multiple
organs, including the lung as the predominant target, the formation of microthrombi
in these organs may lead to multiorgan failure [91]. In this respect, the efficacy, i.e., an
improved clinical outcome, a lower degree of organ failure, decreased PAI-1 levels, and
ventilator free days, as well as the safety of a small molecule PAI-1 inhibitor, TM5614, are
currently investigated in a phase 1/2 clinical trial for high-risk patients hospitalized with
severe COVID-19 (ClinicalTrials.gov: NCT04634799).

4.4. PAI-1 in Cancer

Since motile cells focalize uPA on the cell surface through association with uPAR,
which is highly expressed on tumor cells, uPA has been considered as the critical trig-
ger for plasmin formation during tumor cell invasion and metastasis. Importantly, by
having binding sites other than for uPA, uPAR interacts with vitronectin, integrins, and
transmembrane receptors to facilitate intracellular signaling by effector molecules that are
involved in cell migration [92]. By binding to vitronectin, PAI-1 prevents the interaction
between vitronectin and two cell surface-associated proteins, namely uPAR and αvβ3
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integrin, and as a result represses cell migration on vitronectin in the extracellular matrix
(ECM). Apart from directly inhibiting uPA-mediated plasmin formation, PAI-1 also inhibits
the activity of the uPA/uPAR complex by promoting its endocytosis via LRP1, followed by
the degradation of uPA and recycling of uPAR. Furthermore, it causes the cell to detach
from the ECM. PAI-1 was thus expected to have an anti-tumor effect. Interestingly, ample
evidence has been provided for a paradoxical pro-tumorigenic function of PAI-1, being
both pro-angiogenic [93] and anti-apoptotic [94], documented to be dependent on the stage
of cancer progression, the cell type, the source (i.e., host or tumor) and on the relative
concentration of PAI-1 [93,95–98]. By blocking αvβ3-mediated endothelial cell migration
on vitronectin in the extracellular matrix, PAI-1 was shown to promote angiogenesis by
stimulating integrin α5β1-mediated endothelial cell migration toward fibronectin inside
tumor tissue [99]. Apart from its interaction with vitronectin, PAI-1 can modulate cell
migration by binding to surface receptor LRP1 that triggers intracellular signaling.

Indeed, uPA and PAI-1 are among the most highly induced proteins in several migra-
tory or invasive tumor cell types. Even though some studies failed to show a correlation
between elevated levels of PAI-1 and poor clinical prognosis [100–102], PAI-1 has been
established as one of the most reliable biomarkers and prognostic markers in many cancer
types, including breast [103–106], ovarian [107], bladder [108,109], colon [110], renal [111]
and non-small cell lung cancers [112].

4.5. PAI-1 in Fibrosis

The plasminogen activator/plasmin system is also important for tissue remodeling
and promoting wound healing, which is characterized by inflammation, cellular migration
to the wound area, and the activation and differentiation of fibroblasts, and the synthesis of
ECM proteins to heal the wound [113]. As PAI-1 inhibits PA-mediated plasmin formation
and thus protects ECM proteins from degradation, it facilitates wound healing. However,
excessive and sustained PAI-1 activity promotes excess fibrin accumulation and leads to
low ECM degradation which results in excessive collagen accumulation. Several studies
showed that PAI-1 contributes to tissue fibrosis which can affect multiple organs including
the skin [114,115], lungs [116,117], kidneys [118], and liver [119]. In agreement with these
reports, pharmacological inhibition of PAI-1 or deficiency of host PAI-1 accelerate wound
healing [120] and attenuate fibrosis [121–125]. In contrast, complete PAI-1 deficiency in
mice leads to spontaneous development of cardiac fibrosis in older animals. The observed
accelerated fibrosis has been shown to be the result of an increased vascular permeability,
local inflammation, and excessive ECM remodeling, caused by the lack of PAI-1-mediated
regulation of integrin αvβ3 and a consequently increased signaling of transforming growth
factor-β, a potent profibrotic molecule [126,127].

4.6. PAI-1 in the Central Nervous System

PAI-1 is also produced in brain tissue where it has an anti-apoptotic role in neurons
by acting as an inhibitor to tPA. Alternatively, PAI-1 protects neurons by preventing disin-
tegration of neuronal networks by maintaining or promoting neuroprotective signaling,
independent from its function as a proteinase inhibitor [128]. PAI-1 has also been shown to
promote the migration of microglial cells, which are the resident macrophages in the central
nervous system, through an LRP1-dependent mechanism, as well as to modulate their
phagocytic activity via a vitronectin-dependent mechanism [129]. However, when chroni-
cally activated, microglia also contribute to neurodegenerative diseases by maintaining
neuroinflammation. Several reports have indicated a role of PAI-1 in central nervous sys-
tem pathology, including multiple sclerosis [130,131], Alzheimer’s disease [132,133], and
Parkinson’s disease [134,135]. In demyelinated axons in inflammatory multiple sclerosis
lesions, increased PAI-1 levels impair the capacity of the tPA/plasmin system to clear fib-
rin(ogen) deposits and therefore contribute to axonal damage in multiple sclerosis [131,136].
Likewise, elevated levels of PAI-1 have been shown to interfere with the plasmin-mediated
clearance and degradation of amyloid-β (Aβ), thereby contributing to the deposition of

120



Int. J. Mol. Sci. 2021, 22, 2721

Aβ into neurotoxic amyloid plaques and dementia in Alzheimer’s disease. Furthermore,
inhibition of PAI-1 in transgenic Aβ-producing mice significantly lowered plasma and
brain Aβ levels and reversed the cognitive deficits [133,137]. Recently, it was hypothesized
that the synergistic relationship between α-synuclein, aggregation and neuroinflammation
up-regulate the expression of PAI-1, suggesting a pathological amplification loop, i.e.,
increased α-synuclein aggregation results in an inflammatory response from microglia, a
subsequent increase in PAI-1 levels and thus a decrease in plasmin formation, leading to
the accumulation of α-synuclein and a further amplified inflammatory response [135].

4.7. PAI-1 in Aging

Age is the largest risk factor for most chronic diseases, including CVD, metabolic
syndrome, and type 2 diabetes. On a cellular level, senescence is a process characterized by
the loss of normal physiological function and permanent growth arrest, which accelerates
organ and systemic aging when induced by, e.g., oxidative stress. Several molecular
drivers of aging have been proposed, including shortening of the telomere length, genomic
instability, loss of proteostasis, and altered intercellular communication [138]. Senescent
cells have been shown to secrete bioactive molecules called the senescence-associated
secretory phenotype (SASP) [139]. These factors have been shown to modulate not only
the functions of the secreting cells but also those of adjacent cells. Importantly, PAI-1
levels have been reported to increase with age in various tissues and PAI-1 has been
identified as a fundamental component of the SASP, being part of the signaling circuit
that induces senescence in neighboring cells [140]. Recently, in the Berne Amish kindred,
carriers of the null SERPINE1 allele, i.e., a rare loss-of-function mutation in the SERPINE1
gene that encodes PAI-1 which is associated with a lifelong reduction in PAI-1 levels,
were shown to have a longer life span [141]. The same study identified an association
between heterozygosity of the null SERPINE1 and a longer leukocyte telomere length, a
better metabolic profile and a lower prevalence of diabetes. Therefore, PAI-1 may act not
only as a marker but also as a mediator of cellular senescence associated with aging and
aging-related pathologies [142].

5. Diverse Approaches to Inhibit PAI-1

From the various biological roles of PAI-1 and its contribution to a wide variety of
pathological processes it is clear that targeting PAI-1 may have significant beneficial effects.
Therefore, many efforts have been devoted to the development of selective PAI-1 inhibitors,
in particular for the prevention or treatment of cardiovascular disease. Some marketed
drugs, including insulin-sensitizing agents [143] and angiotensin-converting enzyme in-
hibitors [144], and antisense oligonucleotides have been shown to attenuate PAI-1 synthesis
or secretion [145]. In contrast, the majority of PAI-1 inhibitors currently in development
(extensively reviewed elsewhere [37,146,147] can influence PAI-1 functionality in at least
four possible ways, i.e., (I) by blocking the interaction between PAI-1 and PAs, (II) by
inducing substrate behavior of PAI-1, (III) by accelerating the active-to-latent transition or
converting active PAI-1 to an otherwise inert form, or (IV) by interfering with interactions
between PAI-1 and other biological ligands such as LRP1. These inhibitors include small
molecules, peptides, antibodies (Abs), and antibody fragments such as nanobodies. A link
between the mechanisms by which these inhibitors modulate PAI-1 functionality and their
binding site has been provided by using a broad range of biochemical and biophysical
methods, including mutagenesis studies, competitive binding experiments, computational
docking, and X-ray crystallography.

PAI-1 inhibitory peptides have been shown to either induce substrate behavior of
PAI-1 or to accelerate the conversion to an inert form of PAI-1. Synthetic peptides that
were derived from the sequence of the RCL were shown to insert into the core of the
PAI-1 protein in between strand 3 and strand 5 of the central β-sheet A. It was suggested
that, depending on their position within the cleft, i.e., occupying the same space as the
N-terminal part or the C-terminal part of the RCL in latent or cleaved PAI-1, they act by
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inducing substrate behavior of PAI-1 or by accelerating the irreversible transition to inert
PAI-1, respectively [148]. In contrast, a peptide that was isolated from a phage-display
peptide library, paionin-4, was shown to accelerate the active-to-latent conversion by
binding to a different region in PAI-1, located at the loop between hD and s2A [149]. From
the same library, the peptide paionin-1 did not affect PAI-1 activity; however, it was able to
prevent the binding of the PAI-1/uPA complex to LRP1 by binding hD and hE in the flexible
joint region of PAI-1, which may impair the signaling function of uPA/uPAR/LRP1 [150].

Another large category of PAI-1 inhibitors includes small organochemical molecules
that are very diverse in their chemical structure. Many of these compounds have been
shown to bind a common binding pocket within the area of the flexible joint region of
PAI-1 [151–153], or to link structural elements within this region through interactions at
the PAI-1 surface [154] (Figure 2A). By interfering with the flexible joint region, these
compounds were shown to inhibit PAI-1 through a dual mechanism of action, i.e., by
inducing substrate behavior of PAI-1 and converting PAI-1 to an inert form which can be
latent or unreactive PAI-1 or PAI-1 in the capacity of polymers. By binding this otherwise
flexible region in PAI-1, these compounds can induce substrate behavior possibly by
attenuating or preventing the conformational rearrangements within this region that
are required for a successful inhibitory reaction between PAI-1 and PA’s or by affecting
regions outside the flexible joint region through allosteric modulation. In contrast to the
aforementioned compounds, compounds that bind the sheet B/sheet C (sB/sC) pocket
(Figure 2A), i.e., an interface composed of residues from the s3A/s4C loop, β-sheets B and
C, and hH, were shown to block initial PAI-1/PA Michaelis complex formation, possibly
by a reversible allosteric modulation of the RCL [155].

Figure 2. Localization of binding regions for PAI-1 inhibitors in the structure of active PAI-1. (A) Localization of the
binding regions for small molecule PAI-1 inhibitors. The binding pocket in the flexible joint region is aligned by hD, hE, hF
and strand 1 (shown in green). The sB/sC pocket is aligned by β-sheet B and C (B), localization of different epitopes of
antibodies and antibody fragments as determined by mutagenesis and X-ray crystallographic studies. The epitopes of Abs
that prevent the interaction between PAI-1 and PAs comprise residues that are indicated by yellow spheres (exosites for PAs
on PAI-1) and residues in the reactive center loop (RCL) (shown in red). The epitopes of switching Abs are indicated by
magenta spheres and comprise either residues located in hF and the loop connecting hF and s3A or residues located in the
loop connecting hI and s5A, hC and hI. The epitopes of latency-inducing Abs are indicated by cyan spheres and comprise in
hA or residues at the top part of the PAI-1 molecule in the hD-s2A loop, the s2B-s3B loop, and the s5A-RCL loop. All panels
have been generated using the structure of active PAI-1 (PDB ID 1DB2).

In contrast to inhibitory peptides and small molecules, the binding sites of antibody-
based PAI-1 inhibitors have been mapped to different regions of the PAI-1 molecule (ex-
tensively reviewed in [37]). Overall, Abs that interfere with PAI-1 activity can be divided
into three categories. The first category of Abs or antibody fragments acts by interfering
with the formation of the initial Michaelis complex. It was recently shown that PAI-1/PA
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complex formation can be prevented by destabilizing the Michaelis complex merely by
hampering exosite interactions between PAI-1 and PAs or in combination with shielding
the P1-P1′ reactive center in the RCL of PAI-1 (Figure 2B). The second category comprises
Abs and antibody fragments that switch the PAI-1/PA reaction towards the substrate
pathway. These Abs, referred to as “switching antibodies”, can bind different epitope
regions in the lower half of the PAI-1 molecule. Within this category, Abs that bind hF
or the loop connecting hF to s3A of the central PAI-1 β-sheet A (Figure 2B) were shown
to slow down the rate of cleaved RCL insertion, resulting in hydrolysis of the PAI-1/PA
complex. On the other hand, Abs that bind the loop between hI and s5A at the bottom
of the PAI-1 molecule, a region that is buried by the PA in the final inhibitory PAI-1/PA
complex, hinder full translocation of the PA and thus prevent distortion of the catalytic
triad of the PA. The third category of Abs have the ability to accelerate the active-to-latent
transition of PAI-1 and were shown to bind different epitopes that are spread more across
the PAI-1 surface (Figure 2B). In most cases, these epitopes comprise regions at the top of
the PAI-1 molecule that are less accessible in the active form of PAI-1. Binding is therefore
believed to occur to a prelatent state of PAI-1, in which the RCL is already partially inserted.
On the other hand, acceleration of the active-to-latent transition was also observed for an
Ab binding to the N-terminal part of hA in rat PAI-1. However, an Ab targeting as similar
region in human PAI-1 was shown to be non-inhibitory.

Even though several of these molecules were proven to be efficient PAI-1 inhibitors
both in vitro and in vivo, no PAI-1 inhibitor is currently approved for therapeutic use in
humans. However, it should be noted that a few PAI-1 antagonists are currently pro-
ceeding through clinical trials, which underscores the clinical interest in safe and efficient
modulators of PAI-1 activity for the treatment of PAI-1-related diseases.
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Abbreviations

Aβ Amyloid-β
Abs Antibodies
ARDS Acute respiratory distress syndrome
COVID-19 Coronavirus disease 2019
CVD Cardiovascular disease
ECM Extracellular matrix
IHD Ischemic heart disease
IL-6 Interleukin-6
LDL Low-density lipoprotein
LDLR Low-density lipoprotein receptor
LRP1 LDLR-related protein 1
MMP Matrix metalloprotease
PA Plasminogen activator
PAI-1 Plasminogen activator inhibitor-1
RCL Reactive center loop
SASP Senescence-associated secretory phenotype
SMB Somatomedin B
TNF-α Tumor necrosis factor-α [72]
tPA Tissue-type plasminogen activator
uPA Urokinase-type plasminogen activator
uPAR uPA receptor
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137. Angelucci, F.; Čechová, K.; Průša, R.; Hort, J. Amyloid beta soluble forms and plasminogen activation system in Alzheimer’s
disease: Consequences on extracellular maturation of brain-derived neurotrophic factor and therapeutic implications.
CNS Neurosci. Ther. 2018, 25, 303–313. [CrossRef] [PubMed]

138. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The Hallmarks of Aging. Cell 2013, 153, 1194–1217. [CrossRef]
139. Tchkonia, T.; Zhu, Y.; Van Deursen, J.; Campisi, J.; Kirkland, J.L. Cellular senescence and the senescent secretory phenotype:

Therapeutic opportunities. J. Clin. Investig. 2013, 123, 966–972. [CrossRef] [PubMed]
140. Özcan, S.; Alessio, N.; Acar, M.B.; Mert, E.; Omerli, F.; Peluso, G.; Galderisi, U. Unbiased analysis of senescence associated secretory

phenotype (SASP) to identify common components following different genotoxic stresses. Aging 2016, 8, 1316–1329. [CrossRef]
141. Khan, S.S.; Shah, S.J.; Klyachko, E.; Baldridge, A.S.; Eren, M.; Place, A.T.; Aviv, A.; Puterman, E.; Lloyd-Jones, D.M.; Heiman, M.;

et al. A null mutation in SERPINE1 protects against biological aging in humans. Sci. Adv. 2017, 3, eaao1617. [CrossRef]
142. Vaughan, D.E.; Rai, R.; Khan, S.S.; Eren, M.; Ghosh, A.K. Plasminogen Activator Inhibitor-1 Is a Marker and a Mediator of

Senescence. Arteroscler. Thromb. Vasc. Biol. 2017, 37, 1446–1452. [CrossRef] [PubMed]
143. Ersoy, C.; Kiyici, S.; Budak, F.; Oral, B.; Guclu, M.; Duran, C.; Selimoglu, H.; Erturk, E.; Tuncel, E.; Imamoglu, S. The effect

of metformin treatment on VEGF and PAI-1 levels in obese type 2 diabetic patients. Diabetes Res. Clin. Pract. 2008, 81,
56–60. [CrossRef]

144. Brown, N.J.; Kumar, S.; Painter, C.A.; Vaughan, D.E. ACE Inhibition Versus Angiotensin Type 1 Receptor Antagonism. Hypertension
2002, 40, 859–865. [CrossRef]

129



Int. J. Mol. Sci. 2021, 22, 2721

145. Baluta, M.M.; Vintila, M.M. PAI-1 Inhibition—Another Therapeutic Option for Cardiovascular Protection. Maedica 2015,
10, 147–152.

146. Fortenberry, Y.M. Plasminogen activator inhibitor-1 inhibitors: A patent review (2006–present). Expert Opin. Ther. Pat. 2013, 23,
801–815. [CrossRef] [PubMed]

147. Rouch, A.; Vanucci-Bacqué, C.; Bedos-Belval, F.; Baltas, M. Small molecules inhibitors of plasminogen activator inhibitor-1—
An overview. Eur. J. Med. Chem. 2015, 92, 619–636. [CrossRef]

148. D’Amico, S.; Martial, J.A.; Struman, I. A peptide mimicking the C-terminal part of the reactive center loop induces the transition
to the latent form of plasminogen activator inhibitor type-1. FEBS Lett. 2012, 586, 686–692. [CrossRef] [PubMed]

149. Mathiasen, L.; Dupont, D.M.; Christensen, A.; Blouse, G.E.; Jensen, J.K.; Gils, A.; Declerck, P.J.; Wind, T.; Andreasen, P.A.
A Peptide Accelerating the Conversion of Plasminogen Activator Inhibitor-1 to an Inactive Latent State. Mol. Pharmacol. 2008, 74,
641–653. [CrossRef]

150. Jensen, J.K.; Malmendal, A.; Schiøtt, B.; Skeldal, S.; Pedersen, K.E.; Celik, L.; Nielsen, N.C.; Andreasen, P.A.; Wind, T. Inhibition of
plasminogen activator inhibitor-1 binding to endocytosis receptors of the low-density-lipoprotein receptor family by a peptide
isolated from a phage display library. Biochem. J. 2006, 399, 387–396. [CrossRef] [PubMed]

151. Fjellström, O.; Deinum, J.; Sjögren, T.; Johansson, C.; Geschwindner, S.; Nerme, V.; Legnehed, A.; McPheat, J.; Olsson, K.; Bodin,
C.; et al. Characterization of a Small Molecule Inhibitor of Plasminogen Activator Inhibitor Type 1 That Accelerates the Transition
into the Latent Conformation. J. Biol. Chem. 2013, 288, 873–885. [CrossRef]

152. Lin, Z.; Jensen, J.K.; Hong, Z.; Shi, X.; Hu, L.; Andreasen, P.A.; Huang, M. Structural Insight into Inactivation of Plasminogen
Activator Inhibitor-1 by a Small-Molecule Antagonist. Chem. Biol. 2013, 20, 253–261. [CrossRef] [PubMed]

153. Egelund, R.; Einholm, A.P.; Pedersen, K.E.; Nielsen, R.W.; Christensen, A.; Deinum, J.; Andreasen, P.A. A Regulatory Hydrophobic
Area in the Flexible Joint Region of Plasminogen Activator Inhibitor-1, Defined with Fluorescent Activity-neutralizing Ligands.
J. Biol. Chem. 2001, 276, 13077–13086. [CrossRef] [PubMed]

154. Sillen, M.; Miyata, T.; Vaughan, D.; Strelkov, S.; Declerck, P. Structural Insight into the Two-Step Mechanism of PAI-1 Inhibition by
Small Molecule TM5484. Int. J. Mol. Sci. 2021, 22, 1482. [CrossRef] [PubMed]

155. Li, S.-H.; Reinke, A.A.; Sanders, K.L.; Emal, C.D.; Whisstock, J.C.; Stuckey, J.A.; Lawrence, D.A. Mechanistic characterization and
crystal structure of a small molecule inactivator bound to plasminogen activator inhibitor-1. Proc. Natl. Acad. Sci. USA 2013, 110,
E4941–E4949. [CrossRef] [PubMed]

130



 International Journal of 

Molecular Sciences

Review

The Contribution of the Urokinase Plasminogen Activator and
the Urokinase Receptor to Pleural and Parenchymal Lung
Injury and Repair: A Narrative Review

Torry A. Tucker and Steven Idell *

Citation: Tucker, T.A.; Idell, S. The

Contribution of the Urokinase

Plasminogen Activator and the

Urokinase Receptor to Pleural and

Parenchymal Lung Injury and Repair:

A Narrative Review. Int. J. Mol. Sci.

2021, 22, 1437. https://doi.org/

10.3390/ijms22031437

Academic Editor: Hau C. Kwaan

Received: 7 December 2020

Accepted: 26 January 2021

Published: 1 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

The Department of Cellular and Molecular Biology, The University of Texas Health Science Center at Tyler,
Tyler, TX 75708, USA; torry.tucker@uthct.edu
* Correspondence: Steven.Idell@uthct.edu; Tel.: +1-903-877-7556; Fax: +1-903-877-7316

Abstract: Pleural and parenchymal lung injury have long been characterized by acute inflammation
and pathologic tissue reorganization, when severe. Although transitional matrix deposition is a
normal part of the injury response, unresolved fibrin deposition can lead to pleural loculation and
scarification of affected areas. Within this review, we present a brief discussion of the fibrinolytic
pathway, its components, and their contribution to injury progression. We review how local de-
rangements of fibrinolysis, resulting from increased coagulation and reduced plasminogen activator
activity, promote extravascular fibrin deposition. Further, we describe how pleural mesothelial cells
contribute to lung scarring via the acquisition of a profibrotic phenotype. We also discuss soluble
uPAR, a recently identified biomarker of pleural injury, and its diagnostic value in the grading of pleu-
ral effusions. Finally, we provide an in-depth discussion on the clinical importance of single-chain
urokinase plasminogen activator (uPA) for the treatment of loculated pleural collections.

Keywords: urokinase plasminogen activator; urokinase plasminogen activator receptor; fibrinolysis;
plasminogen activator inhibitor-1; acute lung injury and repair and pleural injury and pleural
organization

1. Introduction

Derangements of pathways of fibrin turnover, including the fibrinolytic system, have
long been associated with the pathogenesis of lung and pleural injury and repair [1,2].
In acute and chronic parenchymal lung injury, accelerated coagulation and a fibrinolytic
defect favor the formation of extravascular fibrinous transition neomatrices, which can
rapidly organize and scar [3–6]. These events occur in the setting of acute and chronic
inflammation, and organization of the fibrinous neomatrices in the alveolar and interstitial
lung compartments resemble those associated with microvascular leakage and organization
occurring in the context of neoplasia and other inflammatory conditions [7–10]. In the
pleural space, local inflammation likewise leads to increased microvascular permeability,
intrapleural egress of coagulation substrates, and inhibitors of fibrinolysis and rapid
organization with the formation of fibrinous intrapleural collections or loculae that are
capable of impeding pleural drainage [1].

Plasminogen activators (PAs) regulate local fibrinolysis and include tissue plasmino-
gen activator (tPA) and urokinase plasminogen activator (uPA). Both are capable of cleaving
plasminogen to generate the active protease plasmin, which, in turn, degrades and re-
models fibrin. While tPA is expressed in lung epithelial cells, fibroblasts, and mesothelial
cells [2], it is mainly involved in intravascular fibrinolysis [11]. However, tPA has a greater
affinity for fibrin than uPA, and its binding to fibrin increases its ability to cleave plasmino-
gen [11]. uPA appears to play a greater role in pericellular proteolysis by virtue of its ability
to bind to its receptor, uPA receptor (uPAR) [12]. Plasmin generated by tPA and urokinase
plasminogen activator (uPA) reciprocally generates more active two chain forms of the PAs.
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In both lung and pleural injury, plasminogen activator inhibitor-1 (PAI-1) appears to
play a critical role in outcomes and the process of accelerated organization and scarification.
PAI-1 is capable of inhibiting PAs, tPA, and uPA (two chain or active urokinase) within
the injured lung and pleural space [1,2]. The activity of these PAs decreases in relation to
the severity [13,14] of injury in both compartments [2,15,16]. PAI-1 thereby impedes local
fibrinolysis and promotes extravascular fibrin deposition in the injured lung and pleural
space [2]. Tissue factor expression by lung epithelial and/or mesothelial cells and lung
fibroblasts triggers activation of the coagulation system in these injuries, while fibrinolytic
activity is suppressed in resident cells mainly by increased expression of PAI-1 driven
by proinflammatory mediators released into the local microenvironment [2,17–24]. These
observations and those of other laboratories [13,25–47] support the concept that increments
of local coagulation and concurrent decrements of fibrinolysis occur in inflammation and
favor the formation and retention of fibrinous extracellular fibrin. Protracted collections of
extravascular fibrin can organize with scarification in the injured lung or pleural space [1].

Our purpose in this narrative review is to provide the readers with an overview of
the contributions of the urokinase plasminogen activator (uPA) and its receptor; uPAR, in
the pathogenesis of lung and pleural injury with particular emphasis on pleural disease.
New strategies and approaches to the development of new therapeutic interventions are
also reviewed with a review of recent contributions to these fields, building on prior key
foundational studies.

2. Similar Modes of Regulation Govern the Organization of the Fibrinous Transitional
Neomatrix in the Settings of Lung and Pleural Injury

Fluid phase and cellular derangements in pathways of fibrin turnover promote fibrin
deposition in lung and/or pleural injury. Based on studies of bronchoalveolar lavage and
immunohistochemical analyses, uPA is readily detectable in normal lung lining fluids
and is the major plasminogen activator represented there [4,5,21,48,49]. While studies
of the very small amounts of normal pleural fluid have not, to our knowledge, been
conducted, PA activity attributable to uPA and tPA occurs in pleural fluids of patients
with congestive heart failure and is generally undetectable after the induction of pleural
injury [19]. If unresolved, the inflammatory process suppresses local PA and fibrinolytic
activities and perpetuates extravascular fibrin deposition that may rapidly organize over
a few days (Figure 1) [3,50]. In the injured lung, early organization promotes accelerated
fibroproliferation that can often be detected by lung imaging and can eventuate in lung
restriction with long-term, severe morbidity, including respiratory compromise [51]. In the
pleural compartment, early organization occurs in the setting of empyema, complicated
parapneumonic pleural effusions, hemothoraces, or pleural malignancy and can likewise
result in remodeling with loculation or pleurodesis, scarification, pulmonary restriction,
and dyspnea [52].

The derangements in pathways of local fibrinolysis have led to the testing of inter-
ventions that target fibrin dissolution after lung or pleural injury. While anticoagulant
strategies are of conceptual appeal, they have not gained traction for the treatment of
patients with pleural or acute lung injury. This may be based largely on clinical trial testing
that has failed to show the efficacy in severe sepsis, which is often associated with lung
dysfunction [53]. Interestingly, there has been recent consideration of the targeting early
pulmonary organization associated with COVID-19 [54]. Whether that approach will be
of clinical benefit remains unclear but provocative [55]. Whether lung protection derives
from anticoagulants otherwise administered to prevent thrombosis in COVID-19 patients is
likewise unclear. On the other hand, in organizing pleural injury associated with loculation
and failed drainage, intrapleural fibrinolytic therapy (IPFT) is commonly used and is
particularly effective in pediatric patients, as recently reviewed [2].
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Figure 1. Aberrant fibrin turnover leads to accelerated scarification in the lung or pleural space.
The accelerated organization encompasses the invasion of the fibrinous neomatrix by fibroblasts
and myofibroblasts, which secrete collagen and initiate fibrotic repair. The neomatrix undergoes
continuing remodeling with infiltration by inflammatory cells, including macrophages. Parenchymal
lung scarification can be accelerated after acute lung injury or occur more slowly in interstitial lung
disease. Pleural scarification can occur with organization, leading to sequestration of pockets of
inflammatory pleural fluid; loculation, which can lead to pleural scarification. Pleural fibrosis may
also occur after intrapleural bleeding or particulate exposures, such as that due to asbestos. Brown
strands indicate fibrin. Green strands indicate collagen intercalated within the fibrinous neomatrix.

3. The Urokinase/Urokinase Receptor Interaction and Derangements Associated with
Lung or Pleural Injury

In the injured lung, pleural space, and virtually all forms of tissue injury, the active two
chain form of urokinase or the zymogen single chain urokinase binds to uPAR at the surface
of resident cells bearing this Glycosylphosphatidylinositol (GPI)-linked receptor to regulate
and localize pericellular proteolysis [56]. When two chain uPA cleaves plasminogen to
generate plasmin, plasmin-mediated conversion of single to two chain uPA also occurs
to increase the efficiency of pericellular fibrinolysis [57]. Signaling through uPAR can
also occur through the binding of uPA or independent of the binding of uPA to uPAR to
support the cellular invasion, migration, and cellular viability [56,58]. As uPAR lacks a
cytoplasmic domain through which cellular signaling can occur, studies to identify other
surface receptors that interact with uPAR are ongoing (Table 1).
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Table 1. Components of the urokinase plasminogen activator (uPA)/uPA receptor (uPAR) system.

Single Chain uPA; scuPA A Proenzyme that Can Bind uPAR and
Localize PA Activity to the Cell Surface

Two-chain uPA; tcuPA

Conversion of scuPA to this two-chain form
generates a much more active PA, can likewise

bind uPAR and is mainly involved in
pericellular proteolysis.

Tissue type plasminogen activator; tPA

Has a greater affinity for fibrin than tcuPA,
relatively more involved in intravascular

fibrinolysis, and binding to fibrin increases its
PA activity.

Plasminogen activator inhibitor 1; PAI-1

Main PA inhibitor in extravascular fluids in
lung and pleural injury, where it can exist in

active, cleaved, and inactivated or latent forms.
Active PAI-1 can inhibit both tcuPA and tPA.

uPA receptor; uPAR

Multidomain surface glycoprotein responsible
for cellular localization of uPA and can be

cleaved by uPA. Capable of mediating
signaling through interactions with other

surface receptors.

Cellular and extravascular derangements of the uPA/uPAR system occur in the
setting of acute organizing lung injury. In the injured lung, the profile of alveolar lining
fluids assumes more procoagulant and less fibrinolytic potential with increased levels of
PAI-1, thereby favoring alveolar fibrin deposition. The alveolar epithelium contributes
substantively to these derangements and is capable of regulating its own expression of
uPA, uPAR, and PAI-1, which involve unique posttranscriptional mechanisms [59]. The
posttranscriptional regulatory mechanisms involve the participation of p53 to, in turn,
control the viability of the lung epithelium [59]. The viability of lung epithelial cells is
increased when uPA and uPAR are relatively increased. Conversely, apoptosis of these
cells is favored by relatively increased expression of PAI-1 with reciprocally decreased uPA
and uPAR. In lung fibroblasts harvested from patients with idiopathic pulmonary fibrosis,
uPAR expression is likewise increased compared with fibroblasts harvested from the lungs
of individuals without lung disease [60]. Regulation of uPAR by lung fibroblasts is, in part,
controlled via posttranscriptional regulation, as are pleural mesothelial cells [61].

Preclinical information further supports the critical involvement of the uPA/uPAR
system in the pathogenesis of organizing lung injury. Increased uPA expression has been
found to mitigate accelerated, fibrosing lung injury induced by bleomycin [41,44,62]. In
a related vein, overexpression of PAI-1 aggravated bleomycin-induced lung injury, while
PAI-1 deficiency was salutary [63]. Interestingly, uPA or uPAR deficiency did not alter lung
hydroxyproline levels in bleomycin-treated mice, but areas of hemorrhage seen in wild-
type mice were abridged [42]. On the other hand, uPAR deficiency has been reported to
attenuate hypoxia-associated lung injury and reduce lung inflammation, while it likewise
impairs inflammation but limits containment of pneumococcal pneumonia with worsened
outcomes in mice [64,65].

A similar situation exists in the context of pleural injury, where greatly increased
pleural fluid PAI-1 and its activity effectively limits local fibrinolysis and predisposes
to a rapid, intrapleural organization that can occur over days [16,66–68]. In normalcy,
the pleural compartment is actually a potential space that expands to form a defined
anatomic compartment occupied by inflammatory pleural fluids in pleural infections
and other organizing processes [2]. Pleural mesothelial cells express uPA, uPAR, and
tPA, which may contribute to fibrinolysis at pleural surfaces. Fibrinolysis is limited by
overexpression of PAI-1 in pleural fluids that characterize virtually all forms of pleural
injury (Figure 2) [2,23,69]. These pleural collections may undergo rapid organization to
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loculate, impair pleural drainage and thereby increase morbidity in pleural infection,
hemothoraces, or neoplasia. In a murine model of carbon black/bleomycin-induced pleural
injury, pleural neomatrix organization was reduced in PAI-1 deficiency but significantly
increased by PAI-1 overexpression [70]. Overexpression of PAI-1 has been shown to worsen
tetracycline-induced pleural injury [16], and PAI-1-targeted IPFT has been shown to be
beneficial [71]. In this model and an empyema model in rabbits, intrapleural administration
of PAs has been shown to clear fibrinous pleural collections [2,50,72–75].

Figure 2. The mesothelium and disordered fibrin turnover. Increased TGF-β expression in response
to injury increases plasminogen activator inhibitor-1 (PAI-1) expression. In the aggregate, PAI-1
expression and activity are overexpressed in exudative pleural effusions. This increase in PAI-1
reduces plasminogen conversion to active plasmin by single chain urokinase plasminogen activator
(scuPA), two chain urokinase plasminogen activator (tcuPA), and tissue plasminogen activator (tPA).
These effects decrease local expression of fibrinolytic activity, which decreases fibrin degradation,
leading to aberrant extravascular fibrin deposition. scuPA or the high molecular weight form of
tcuPA can bind uPA receptor (uPAR) and be localized to the cell surface or be present unbound
in pleural fluids. NFκB is NF kappa B, a signaling mediator that is in particular implicated in the
transcriptional regulation of PAI-1 expression by pleural mesothelial cells. MV is microvesicles,
which have been shown to contain TF. Brown strands indicate fibrin.

The use of IPFT in clinical practice is likewise predicated on the concept that in-
crements of pleural fluid PA activity can increase intrapleural plasmin generation and
fibrinolysis sufficient to improve pleural drainage and clinical outcomes [1,2]. IPFT is
generally accepted as effective in pediatric patients and can improve outcomes in adult
patients, although adult patient dosing is empiric, and no PA is currently approved for this
indication [2,76–78].

4. The uPA/uPAR System and the Contribution of Mesenchymal Differentiation of
Pleural Mesothelial Cells to Pleural Thickening and Scarification

uPAR has been implicated in the pathogenesis of pleural injury and builds upon and
extends studies linking uPAR to pleural neoplasia. Interestingly, uPAR has been shown
to be involved in the pathogenesis of neoplasia and a target for the development of new
therapeutics for several different forms of cancer [79]. In the setting of neoplasia, uPAR
expression may be primarily upregulated in the tumor cells themselves or in endothelial
or in infiltrating myeloid cells. In malignant pleural mesothelioma cells, uPAR expression
correlated with tumor burden, aggressiveness and mortality in mice [58]. Cellular pro-
liferation, migration and invasion were increased in REN malignant mesothelioma cells
that have increased uPAR expression. uPAR silencing in these cells decreased cellular
indices of aggressiveness, while exposure to uPA and bovine fetal serum enhanced these
effects. Conversely, increasing uPAR expression in a less aggressive mesothelioma line
significantly increased tumor virulence in vitro and in vivo. The responses suggest the
possibility that uPAR-targeted therapeutics now in development may be of value for the
treatment of pleural malignant mesothelioma.
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Extending this work, uPAR expression by pleural mesothelial cells has been linked
to the regulation of pleural remodeling. uPAR internalization was reduced by treatment
of human pleural mesothelial cells with TNF-α or IL-1β, mediators which have been
implicated in inflammation and the pathogenesis of pleural injury [1,2]. This effect was
attributable to decreased expression of the lipoprotein receptor related protein-1; LRP-1,
which stabilized uPAR at the cell surface. This stabilization augmented uPA-mediated
proteolytic activity at the cell surface, as well as cellular migration [80]. In a murine model
of pleural organization induced by carbon black and bleomycin, it was found that PAI-
1 deficiency increased pleural thickness and lung restriction likely as a consequence of
sustained mesomesenchymal transtion (MesoMT) [70]. The effects involved crosstalk with
coagulation proteases and plasmin generation was likewise augmented in pleural lavage
of PAI-1-/- mice. Increased plasmin activity was likewise detected in the pleural lavage of
mice with empyema induced by intrapleural administration of Streptoccus pneumoniae [81],
indicating that pleural fibrinolysis is enhanced in pleural injury induced by local instillation
of noxious chemicals or bacterial infection.

The expansion of the pool of subpleural myofibroblasts contributes to the pleural
thickening and neomatrix deposition that characterizes pleural injury and predisposes to
the development of pleural fibrosis [69,82,83]. Pleural mesothelial cells have been shown
to contribute to that response and undergo a process of mesenchymal phenotypic change
called mesomesenchymal transition (MesoMT, Figure 3). The uPA-uPAR system plays a
major role in the regulation of this process [1]. In studies to evaluate the impact of coagula-
tion and fibrinolytic proteases on induction of MesoMT, uPA, as well as plasmin, factor Xa
and thrombin were found to induce this phenotypic change in human pleural mesothelial
cells [70]. Plasmin, thrombin and TGF-b commonly induce MesoMT through phosphatidyl
inositol-kinase/AKT/NF kappa (κ) B signaling [84]. The therapeutic targeting of GSK-3β
likewise blocked induction of MesoMT and the progression of pleural fibrosis in a novel
model of pleural injury [85]. At present, the role of uPA and uPAR in the induction of Me-
soMT remains to be further elucidated. The effects of proinflammatory cytokines on uPAR
stabilization at the surfaces of pleural mesothelial cells via regulation of LRP1 [80], uPA
mediated induction of MesoMT [70] and uPA-mediated induction of collagen-1 in these
cells suggest a critical role for the uPA/uPAR system in MesoMT and pleural remodeling.
Future studies will be needed to define the role of uPAR in the pathogenesis of pleural
organization and scarification.

 

Figure 3. Induction and consequences of MesoMT. Upon stimulation by TGF-β, Factor Xa, thrombin,
uPA, or plasmin, pleural mesothelial cells assume a mesenchymal phenotype by undergoing MesoMT.
The population of cells undergoing MesoMT expands in the setting of organizing pleural inflam-
mation. Cells undergoing MesoMT elongate compared to unstimulated pleural mesothelial cells
and assume the functionality of myofibroblasts and increase expression of neomatrix components
including collagen, fibronectin, and PAI-1.
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5. The Role of Soluble uPAR in Pleural Injury: Biomarker, Effector, or Both?

The structure of uPAR incorporates three domains: DI-III. High affinity binding to its
ligand, uPA, primarily involves domain I, while requiring the structural integrity of all
three domains [86]. Although a splice variant of the PLAUR gene can generate a soluble
uPAR construct [87], soluble uPAR is also generated by cleavage of cell-surface uPAR and
occurs in serum and other biologic fluids, including pleural effusions [88,89]. suPAR can
be generated by cleavage of the GPI-anchor of uPAR at the cell surface by enzymes such as
phospholipase C [90]. Cleavage of a protease sensitive linker region between domains I
and domains II-III can also occur via uPA or plasmin among other proteases. Thus, soluble
suPAR fragments include domains I-III, I or II-III, as previously reviewed [88]. suPAR,
incorporating all domains, retains the ability to bind uPA, via its growth factor domain [91],
supporting the concept that this form of suPAR could be a scavenger capable of binding
uPA and thereby altering effects of the interaction of uPA with cell surface uPAR such as
migration or invasion.

Interestingly, Higazi and colleagues reported that binding of the proenzyme single
chain uPA to suPAR increased its catalytic activity [92]. The authors speculated that scuPA
exists in a latent and more active state and that binding of scuPA to suPAR favored the
more active conformation, which was more susceptible to inhibition by PAI-1. On the
other hand, these observations were disputed by Behrendt and colleagues, who found
that the binding of scuPA to suPAR did not accelerate the PA activity of scuPA and in
fact had an inhibitory effect on the activation of scuPA to two chain more active uPA by
plasmin [93]. The basis for the disparities between these studies remain unclear but are
possibly technical. Liberation of domain I from suPAR exposes a chemotactic sequence on
the remaining domains (II-III), most of which may be shed from neutrophil membranes,
which is a chemotaxin for monocytic cells [94]. Conversely, suPAR domain I has poor
affinity for scuPA or uPA and is thereby unable to serve as a scavenger binding either
protein [88].

In a recent study, pleural fluid suPAR levels were found to correlate with the require-
ment for invasive management in parapneumonic pleural effusions [89]. This work extends
prior work showing that elevated levels of suPAR occur in a range of biologic fluids in
infectious, autoimmune and neoplastic diseases, as previously reviewed [88]. Given the
lack of reliable, validated predictors of the need for use of IPFT or surgery for relief of
complicated, organizing pleural infections that loculate, Arnold and colleagues sought to
determine if pleural fluid or serum suPAR levels predict the need for such management
and how suPAR determinations compared with traditional biomarkers such as pleural fluid
pH, glucose and lactate dehydrogenase levels. Pleural fluid and serum suPAR levels were
determined in 93 subjects with parapneumonic pleural effusions and 47 controls that had
either benign transudative or malignant causes of their pleural effusions. A commercially
available ELISA assay was used and was able to detect intact suPAR or the domain II-III
fragment. The main findings of this important study were that pleural fluid suPAR levels
were greater in patients with loculated parapneumonic pleural effusions. Pleural fluid
suPAR levels were also superior to pleural fluid pH, glucose, and lactate dehydrogenase
(LDH) in combination in terms of predicting the need for IPFT or surgical intervention.
Serum suPAR correlated with levels of C-reactive protein, a biomarker of inflammation
often used to assess clinical trends in patients with parapneumonic pleural effusions [68].
Pleural fluid suPAR was significantly increased in patients with parapneumonic pleural
effusions that were loculated. At a cutoff level of 35 ng/mL, pleural fluid suPAR demon-
strated a 100 percent sensitivity, 91 percent specificity for predicting pleural loculation in
patients with parapneumonic pleural effusions. Positive and negative likelihood ratios
were likewise favorable, and pleural fluid suPAR better predicted loculation than pH. In
nine patients with parapneumonic pleural effusions that were initially free-flowing and
subsequently loculated, baseline pleural fluid suPAR was elevated to levels equivalent to
those found in loculated pleural effusions. Pleural fluid suPAR at the same cutoff was the
most accurate biomarker predicting insertion of a chest tube. Lastly, pleural fluid suPAR
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was superior to the conventional biomarkers in predicting the use of IPFT or surgical
intervention and was the only significant baseline parameter that did so. Similar trends
were seen in the smaller number of patients with malignancy, in that pleural fluid suPAR
was significantly increased in loculated malignant effusions and was non significantly
elevated in patients with delayed loculation. The encouraging results suggest that pleural
fluid suPAR could improve clinical decision making for the management of organizing
pleural infection. The authors properly point out that while pleural fluid suPAR appears
to address an unmet clinical need, validation would require a future large, multicenter
clinical trial of suPAR-directed clinical management versus current standard management.
Whether pleural fluid suPAR can add a precision medicine dimension to such management
decisions remains to be proven, but this work underscores the relevance of derangements
of the uPA/uPAR system to the field.

6. The Use of scuPA for Treatment of Pleural Loculation

For over seventy years, IPFT has been used to treat pleural loculation with failed
drainage [2,78]. To date, several agents have been used, now mainly including tPA with
or without DNase and urokinase. Many centers have adopted the use of tPA/DNase
based on the efficacy demonstrated in adult patients in the MIST-2 clinical trial [95]. Others
use tPA alone or two chain urokinase where it is available. Unfortunately, the dosing,
administration schedules and agents used for IPFT are all empiric, with no agent currently
approved for the indication of treatment of pleural loculation and failed drainage [77].
There are relatively small reports suggesting that two chain uPA (uPA)-based IPFT may be
of advantage. uPA-based IPFT was found to be effective in a small randomized, double
blinded study of patient with either complicated parapneumonic pleural effusions or
empyema [96]. uPA IPFT was also found to be associated with greater efficacy in patients
with complicated parapneumonic pleural effusions and less bleeding complications than
tPA [97]. In a third small study, uPA was as effective as tPA/DNase for patients requiring
IPFT for empyema or parapneumonic pleural effusions but bleeding complications were
reduced [98].

Over twenty years ago, we initiated studies in which scuPA, a relatively PAI-1-resistant
PA, was used to reverse pleural organization and adhesions in rabbits with tetracycline-
induced pleural loculation [50]. Given the similarities of the fibrinolytic system between
rabbits and humans, the model was amenable to the testing of human plasminogen acti-
vators. We found that scuPA effectively alleviated fibrinous intrapleural collections and
adhesions in the model and that single dose treatment was well-tolerated. Single dose
administration was as effective as multiple dose scuPA IPFT and generated durable in-
trapleural PA activity supporting local fibrinolysis [50,72]. In a comparative study, it was
found that scuPA was more effective at resolving intrapleural adhesions than any clinically
prorated dose of low molecular weight two chain uPA and demonstrated a trend toward bet-
ter efficacy than tPA [73]. We found that scuPA was processed intrapleurally with formation
of bioactive uPA/a2macroglobilin complexes, which appear to contribute to slow release
of PA within pleural fluids [99]. In this study, PAI-1 resistant uPA activity was increased in
rabbits with tetracycline-induced pleural injury and was related to removal of fibrinous
intrapleural collections. PAI-1 resistant enzymatic activity was not found in animals treated
with intrapleural low molecular weight uPA or tPA. We identified an equilibrium between
an active and relatively inactive form of scuPA, which limited its inactivation by PAI-1 and
favored formation of the bioactive uPA/a2macroglobilin complexes.

Based upon these findings and other studies conducted by our group [2], scuPA was
manufactured with support by the National Heart Lung and Blood Institute SMARTT
(Science Moving towArds Research Translation and Therapy) program, providing sufficient
amounts of material for formal toxicology studies needed to enable clinical trial testing.
Good Manufacturing Practice (GMP) grade scuPA was also made available for use in
clinical trial testing.
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7. New Strategies to Limit Pleural Organization: Clinical Trial Testing of scuPA for
Treatment of Empyema or Complicated Parapneumonic Pleural Effusions

Phase 1 clinical trial testing was next conducted in a multicenter clinical trial performed
in Australia Trial Registration: ANZCT ID: ACTRN12616001442493 [68]. In this first-in-kind
trial in the field, the safety of scuPA IPFT at daily doses over three days of 50.000–800,000
IU scuPA was tested in patients with complicated parapneumonic pleural effusions or
empyema and failed drainage. In all, 14 patients were studied. scuPA was well-tolerated
with no bleeding, surgical referrals, or treatment-associated adverse events. In the pleural
fluids, scuPA rapidly saturated PAI-1 activity, increased pleural fluid PA and fibrinolytic
activities, and generated increased pleural fluid levels of D-dimers. As expected, complexes
of uPA/a2macroglobilin were generated. No systemic fibrinolysis was detectable, and
D-dimer levels remained unchanged from those at baseline in the patients. While this was
a safety trial, hints of efficacy were demonstrated in that all but one patient had decreased
pleural fluid opacification. At the 800,000 IU dose, pleural sepsis was clinically relieved in
both treated patients, and the same effects were observed in two others receiving lower
doses of scuPA IPFT.

The favorable Phase 1 trial findings formed the predicate to proceed with Phase 2
efficacy testing, which is now being conducted at multiple sites in the US: ClinicalTrials.gov
Identifier: NCT04159831 a phase 2, randomized, placebo-controlled, double-blind, dose-
ranging study evaluating LTI-01 (single chain urokinase plasminogen activator, scuPA) in
patients with infected, non-draining pleural effusions. The trial design incorporates three
doses; 400,000 IU, 800,000 IU, 1,200,000 IU scuPA IPFT, or saline-vehicle placebo, which
will be given daily for up to three days. The estimated enrollment is a total of 160 patients
or 40 per group. The primary outcome measure is treatment failure due to ongoing pleural
sepsis or impaired drainage resulting in surgical referral, and the secondary outcome
measure is change in pleural opacity by chest CT scanning at day 4, 1 day after the last IPFT
treatment or at the time of treatment failure. The effects of scuPA IPFT on derangements of
the fibrinolytic system in pleural fluids will be assessed using the same methods deployed
in the Phase 1 trial [68]. This trial is designed to confirm the efficacy of scuPA IPFT in
patients with infection-related loculation and failed drainage and to identify an optimal
dose of scuPA that can either be used for FDA approval or a follow-up Phase 3 study, as
may be required.

8. Conclusions

The uPA/uPAR system plays an important role in the pathogenesis of pleural orga-
nization through the regulation of local proteolysis, cellular differentiation, and pleural
remodeling. In a translational vein, suPAR appears to be a promising new candidate to
predict outcomes of pleural injury and to help clinicians to personalize decision making
and inform better management of organizing pleural injury. scuPA IPFT is an equally
promising translational candidate that is currently in clinical trial evaluation that could
offer the first evidence-based, potentially more effective new therapy for patients with
nondraining loculated pleural effusions.
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Abstract: The novel coronavirus disease (COVID-19) has many characteristics common to those
in two other coronavirus acute respiratory diseases, severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS). They are all highly contagious and have severe
pulmonary complications. Clinically, patients with COVID-19 run a rapidly progressive course of an
acute respiratory tract infection with fever, sore throat, cough, headache and fatigue, complicated
by severe pneumonia often leading to acute respiratory distress syndrome (ARDS). The infection
also involves other organs throughout the body. In all three viral illnesses, the fibrinolytic system
plays an active role in each phase of the pathogenesis. During transmission, the renin-aldosterone-
angiotensin-system (RAAS) is involved with the spike protein of SARS-CoV-2, attaching to its natural
receptor angiotensin-converting enzyme 2 (ACE 2) in host cells. Both tissue plasminogen activator
(tPA) and plasminogen activator inhibitor 1 (PAI-1) are closely linked to the RAAS. In lesions in the
lung, kidney and other organs, the two plasminogen activators urokinase-type plasminogen activator
(uPA) and tissue plasminogen activator (tPA), along with their inhibitor, plasminogen activator 1
(PAI-1), are involved. The altered fibrinolytic balance enables the development of a hypercoagulable
state. In this article, evidence for the central role of fibrinolysis is reviewed, and the possible drug
targets at multiple sites in the fibrinolytic pathways are discussed.

Keywords: COVID-19; fibrinolysis; renin-aldosterone-angiotensin-system (RAAS); fibrinolysis; plas-
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1. Introduction

Infection by the highly contagious coronavirus SARS-CoV-2 has resulted in a global
pandemic of coronavirus disease 2019 (COVID-19) [1–3]. This virus shares a 79.5% homol-
ogy to SARS-CoV, the virus responsible for severe acute respiratory syndrome (SARS) [2].
COVID-19 has many clinical and pathologic characteristics in common with SARS and the
Middle East respiratory syndrome (MERS) caused by the virus MERS-CoV [4–6]. These
viruses gain entry into the host cells by attaching a spike protein on their envelope to the
angiotensin-converting enzyme 2 (ACE2) expressed on cell surfaces. Clinically, type 2
alveolar cells in the lung are the predominant target, resulting in severe pneumonitis [1,3,6].
In addition, many other organs including the kidneys and cardiovascular system are af-
fected, leading to multiorgan failure. The injury to the lungs is worse in COVID-19 than in
SARS or in MERS. In the affected tissues, there is an acute inflammatory response. In the
lungs, this manifests as edema, macrophage infiltration and intra-alveolar fibrin deposition,
leading to acute respiratory distress syndrome (ARDS) and acute respiratory failure. In
autopsied specimens, diffuse alveolar damage, microthrombi in perialveolar vessels and
intra-alveolar hemorrhage have been observed [7–13]. The clinical course is associated with
a hypercoagulable state, resulting in thrombotic complications in arteries, veins, catheters,
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arteriovenous fistulas and implantable devices such as the ECMO (extracorporeal mem-
brane oxygenation circuit). In all these aspects, the fibrinolytic system is involved. The
fibrinolytic system is activated by acute tissue injury and inflammation and is an important
element in the body’s response to these acute viral infections. In this article, the evidence
of the participation of various components of the fibrinolytic system in the pathogenesis of
these disorders is reviewed. In addition, interference with specific sites of the fibrinolytic
pathways may mitigate the tissue injury and thus they are compelling drug targets.

2. The Fibrinolytic System (Aka Plasminogen-Plasmin System)

The chief component of this system is a serine protease, plasmin. It is formed by the
activation of its precursor plasminogen (Figure 1) [14,15]. In humans, the two activators
are tissue type plasminogen activator (tPA) and urokinase-type plasminogen activator
(uPA). They bind to their respective receptors on cell surfaces. The receptor for tPA is
a heterotetramer complex of annexin A2 and a surface binding protein S100A10 [16,17],
whereas that for uPA is urokinase receptor (uPAR) [18]. To maintain a physiologic balance,
the fibrinolytic system is regulated by serine protease inhibitors (serpins) at various acti-
vation sites. Those inhibiting the conversion of plasminogen to plasmin are plasminogen
activator inhibitor 1 (PAI-1), plasminogen activator inhibitor 2 (PAI-2), activated protein C
inhibitor (APC) inhibitor (PAI-3), protease nexin 1 and defensin (for tPA only). Those that
inhibit plasmin are α2-antiplasmin, α2-macroglobulin, as well as several serine proteases,
including antithrombin, α2-antitrypsin and protease nexin 1. In addition, thrombin activat-
able fibrinolytic inhibitor (TAFI), a carboxypeptidase, prevents plasminogen binding and
plasmin formation by cleaving lysine residues on fibrin. Among the inhibitors of plasmin,
α-antiplasmin [19] and PAI-1 [20] are the most effective ones. The components of the
fibrinolytic system regulate many physiologic functions and participate in the pathogenesis
of numerous pathologic disorders. tPA regulates fibrin formation in blood and takes part
in many functions in the brain. On the other hand, uPA and its receptor uPAR are involved
in inflammation, tissue repair, cell proliferation and a multitude of other body functions. In
particular, the uPA and uPA/uPAR complex is highly expressed in the airway epithelium
in the lung [21,22] and plays an important role in acute lung injury. Under physiologic
conditions, the activators and inhibitors are in a state of balance and regulate hemostasis.
This balance is deranged in COVID-19, as discussed below.

Figure 1. The fibrinolytic system, aka the plasminogen-plasmin system, consisting of the serine
protease plasmin, derived from plasminogen by the activation of its activators, tissue plasminogen
activator (tPA) and urokinase-type plasminogen activator (uPA). These two activators are ligands to
their cellular receptors, urokinase receptor (uPAR) and a heterotetramer annexin, A2/S100A, respec-
tively. The plasminogen activators and plasmin are inhibited by plasminogen activator inhibitors,
plasminogen activator inhibitor 1 (PAI-1), plasminogen activator inhibitor 2 (PAI-2), activated protein
C inhibitor (APC) inhibitor (PAI-3), thrombin activatible fibrinolysis inhibitor (TAFI) and protease
nexin 1. Plasmin is inhibited by α2-antiplasmin, α2-macroglobulin, TAFI and several serine protease
inhibitors (AT, α2-antitrypsin, protease nexin 1).
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3. Invasion of SARS-CoV-2 into Host Cells and Subsequent Events

SARS-CoV-2 is highly contagious and is transmitted both as droplets and as aerosols.
The virus gains entry to the host cells by attaching a spike protein on the viral envelop to an-
giotensin converting enzyme 2 (ACE2) on the cell surface. ACE2 is an integral component
of the renin-aldosterone-angiotensin-system (RAAS) (Figure 2) [23,24]. In SARS-CoV-2
infection, the pathogenesis involves the following steps. First, the RAAS is an essential
regulator of vascular functions including blood pressure, sodium balance and blood vol-
ume. In the RAAS, a plasma protein, angiotensinogen, is converted by a renal aspartic
protease renin to angiotensin I. Angiotensin I is then metabolized by angiotensin convert-
ing enzyme (ACE) to angiotensin II. Angiotensin II is further metabolized by ACE2, a
homolog of ACE [25], producing a vasodilator, angiotensin 1–7. ACE2 is expressed on cell
membranes in the lung in the trachea and bronchial epithelial cells, type 2 alveolar cells
and macrophages, in the kidney on the luminal surface of tubular epithelial cells, in the
heart endothelium and myocytes, in the gastrointestinal epithelial cells, in the testis and in
the brain [26–30]. ACE-2 acts as the receptor for SARS-CoV-2, as well as for other coron-
aviruses such as SARS-CoV [31,32], by binding to the spike protein on the viral envelop.
This binding requires the proteolysis of the S1/S2 cleavage site of the spike protein by
proteases in the pulmonary airway, including plasmin, furin, trypsin and transmembrane
proteases (TMPRSS2) [33,34], for entry into host cells. Following its attachment to the
spike protein, ACE2 is internalized and downregulated [35,36]. The reduction in ACE2
results in a diminished degradation of angiotensin II, leading to a buildup of angiotensin
II. This produces several deleterious effects. Angiotensin II binds to a cellular receptor
angiotensin II type 1a receptor in the lung, causing acute lung injury [26,37,38]. This injury
is characterized by pulmonary edema, infiltration of monocytes and macrophages, diffuse
alveolar damage, along with increased fibrin deposition, hyaline membrane formation
and microvascular thrombosis [7,13,39,40]. Autopsy specimens of lungs from COVID-19
patients showed a high prevalence of diffuse alveolar damage, capillary congestion and
capillary microthrombi [41]. There is severe capillary endothelial injury with widespread
capillary fibrinous microthrombi [42]. The lungs of COVID-19 patients contain a much
higher load of capillary microthrombi and less thrombi in post-capillary venules than those
in influenza patients. Pulmonary capillary microthrombi are also found in association
with complement components [43] and neutrophil extracellular traps (NETs) [44]. Prote-
olytic breakdown of the fibrin results in the generation of D-dimer [45,46]. The magnitude
of D-dimer has been correlated to the severity of the infection [45]. Angiotensin II also
increases the expression of PAI-1 in endothelial cells [47–49], resulting in decreased fib-
rinolysis and contributing to a hypercoagulable state. The lung injury occurs with the
viral entry into the type II alveolar cells. As these cells are the source of surfactant, there
is loss of surfactant. The decrease in surfactant leads to the induction of the p53 path-
way. p53 binds to uPA/uPAR mRNAs and suppresses their expression while increasing
PAI-1mRNA [50,51]. The diminished effect of ACE2 also leads to decreased formation
of angiotensin 1–7 and angiotensin 1–9. Angiotensin 1–7 has been shown to impair the
release of PAI-1 by cultured endothelial cells in vitro [52]; hence, a diminished angiotensin
1–7 will result in more PAI-1. On the other hand, angiotensin 1–9 increased PAI-1 and
thus the thrombotic tendency [53]. In addition, angiotensin 1–9 activates platelets with the
release of PAI-1 from their α-granules. The sum effect is enhanced PAI-1 activity. PAI-1
contributes to many changes in the lung. It keeps in check excessive fibrinolysis and lessens
the risk of progression of the alveolar damage to intra-alveolar hemorrhage. PAI-1 further
enhances epithelial–mesenchymal transition and fibrosis [50,51,54–56]. The infiltration of
monocytes and macrophages evokes an acute inflammatory response, with elevated levels
of proinflammatory cytokines such as interleukin (IL)-6, IL-1, tumor necrosis factor (TNF)α
and IL-8. In many of the severe cases, an uncontrolled and continuous interaction between
natural killer (NK) cells of the innate immune system and CD8 positive cytolytic T cells
of the adaptive immune system leads to a cytokine storm with very high levels of serum
pro-inflammatory cytokines and ferritin [57,58]. The inflammatory cytokines activate the
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intrinsic pathway of the coagulation cascade, with factor XII activation and progression to
thrombin generation. A thrombo-inflammatory condition then ensues. These inflammatory
cytokines significantly upregulate the expression of PAI-1 [59].

Figure 2. The pathogenesis of COVID-19, showing the involvement of components of the fibrinolytic system in various
steps. From the left, the renin-aldosterone-angiotensin-system (RAAS) pathway is shown. Plasmin and other proteases,
trypsin and TMPRSS2 act on the SARS-CoV-2 spike protein to facilitate its binding to ACE2 on the surface of host cells.
With the binding, the virus invades the host cells while ACE2 is internalized and unable to process the breakdown of
angiotensin II, leading to its excess. The excess of angiotensin II leads to an increase in PAI-1 and decreased fibrinolysis,
creating a hypercoagulable state, while the excess of angiotensin II binds to its receptor angiotensin II receptor 1a, causing
lung injury and leading to pulmonary edema with the formation of a hyaline membrane with fibrin in the alveoli. This is
broken down by plasmin with the formation of D-dimer. The diffuse alveolar damage with damaged type II alveolar cells
leads to decreased surfactant, which results in induction of the p53 pathway and increased in PAI-1. Of note (on the left),
platelets are activated by angiotensin 1–9 and by other pathways. They then release PAI-1 into the circulation. There is also
an acute inflammatory response with multi-organ injury. Inflammatory cytokines activate factor XII leading to bradykinin
formation and a subsequent increase in tPA.

The role of PAI-1 has been extensively studied in many pathological conditions.
In health, PAI-1 originates from endothelial cells, platelets, liver, adipose tissues and
macrophages [60]. Though PAI-1 is present in an active conformation, especially in platelets,
it can be readily converted to the inactive latent form. PAI-1 is well recognized to play
an important role in the pathogenesis of a wide variety of conditions, including aging,
cellular senescence, obesity, cardiovascular disease, hypertension, diabetes, fibrosis and
thrombosis [20,56,61–65], It is notable that people with many of these conditions are more
susceptible to COVID-19 and have worse outcomes [66].

4. Hypercoagulability

A marked increase in thrombotic complications due to hypercoagulability has been
observed in patients with COVID-19. Thrombosis had been observed in both superficial
and deep veins, in arteries and in the microvasculature. One remarkable example is acute
ischemic strokes in young patients with no previous arterial disease [67]. The acute lung
injury in COVID-19 patients shows fibrin deposits in the pulmonary microcirculation,
forming microthrombi, which are thought to be due to viral injury to the endothelium [68].
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Thrombosis is more common in the severely ill patients in the ICU, with a notably greater
incidence of pulmonary embolism [69–71].

Microthrombi have been observed clinically in multiple organs: in the heart, resulting
in acute myocardial infarction [72], within tumors [73], in the lungs [74,75] and in the
kidneys, resulting in acute renal failure [76,77], whereas autopsy findings have revealed
more widespread microthrombosis elsewhere [9,12,13,39,77,78]. Heart failure has been
found in almost a third of hospitalized COVID patients and is the second leading cause of
death following ARDS [79]. Notably, the microthrombi were found to be rich in platelets
and megakaryocytes [80].

The coagulation profile in blood shows mild prolongations in prothrombin time (PT)
and activated partial thromboplastin time (APTT), as well as mild thrombocytopenia,
and does not reflect the in vivo state of hypercoagulability. On the other hand, a high
fibrinogen and a high D-dimer are characteristic of patients with COVID-19 [45,81–84].
The acute inflammatory response in the infection accounts for some of the increase in the
fibrinogen levels. In response to acute inflammation, the hepatic synthesis of fibrinogen
has been shown to increase two- to ten-fold as an acute phase reactant [85]. The increase in
fibrinogen was found to be proportional to the severity of the disease [45,86]. The D-dimer
increase is observed in most patients and found to be correlated not only with the severity
of the infection but also with thrombotic events [45,86]. Since D-dimer is the product of
plasmin degradation of cross-linked fibrin [46] and since fibrinolytic activity is low [87,88],
the enigma of the high D-dimer has not been fully elucidated [89]. Based on observations
in acute lung injury and acute respiratory distress syndrome in SARS-CoV, it is generally
believed that the major portion of the circulating D-dimer originates from the pulmonary
lesion [90,91]. Continuous fibrin deposition into the alveoli with its breakdown by plasmin
leads to the production of D-dimer. D-dimer has been recovered in the bronchoalveolar
lavage (BAL) fluid of patients with acute respiratory distress syndrome (ARDS), indicating
that intra-alveolar coagulation and fibrinolysis occur in this syndrome [92]. However, in
this study, plasma and BAL D-dimer levels did not correlate. The generation of D-dimer
occurs despite the antifibrinolytic effects of thrombin activatable fibrinolysis inhibitor
(TAFI), protein C inhibitor (aka PAI-3) [93] and PAI-1 [40,94]. The APTT is often prolonged
with the presence of lupus anticoagulant [95,96]. Factor XII is frequently low, partly due
to loss in the exudation in pulmonary lesions, as a high level of this factor was found in
BAL [97]. Activated factor XII has high homology to tPA and can activate plasminogen to
plasmin [98]. Thus, a low factor XII would contribute to reduced fibrinolysis in this setting.

Although each of the individual conventional clotting tests does not give a whole
picture of hemostasis, a more complete hemostatic picture can be found using whole
blood testing in viscoelastography (VE). Two common techniques are thromboelastography
(TEG) and rotational thromboelastometry (ROTEM). The progressive increase in viscosity of
clotting whole blood and subsequent clot lysis is plotted graphically. In TEG, the time taken
for a clot to form is recorded as the r value, and the velocity of clot formation as K (minutes)
and K (angle). The clot strength is the maximum amplitude (MA), whereas clot lysis at 30
min is Lys30. Short r and K values, with increased MA, were found in COVID-19 patients,
whereas in most of the ICU patients no clot lysis was seen at 30 min [87,88]. These findings
indicate a hypercoagulable state. They were correlated with a high D-dimer and severity
of the disease. The absence of fibrinolysis characterizes a pathologic hypercoagulable
condition often associated with thrombosis, showing decreased viscoelastic fibrinolysis
associated with elevated D-dimer and plasmin-antiplasmin (PAP) complexes [87]. Those
patients with fibrinolysis shutdown had a 40% incidence of VTE compared to 5% in those
without shutdown [87]. Fibrinolysis shutdown with a high D-dimer level is also correlated
with renal failure [87]. Similar findings were seen using the ROTEM [99–102]. In a systemic
review of ten studies of 389 COVID-19 patients, 90% of which were severe, the above-
described hypercoagulability and fibrinolysis shutdown were present [103]. These patients
were also on anticoagulant therapy. However, the mechanism by which these changes occur
are not clearly shown. Obviously, many more studies are needed to provide a clear-cut
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explanation. Results of these studies would enable a better use of viscoelastography in
guiding the use of anticoagulation therapy.

Both TEG and ROTEM have the advantage of being readily available at the point-of-care,
with a short turnaround time for the results. It can also be used to guide anticoagulant therapy.

The fibrinolysis shutdown had previously been shown to be a poor prognostic indica-
tor in acute sepsis and in severe trauma [104].

5. Role of Platelets

Recent observations in COVID-19 patients revealed that platelet activation takes place.
Platelets form aggregates with neutrophils, monocytes and T-lymphocytes. Monocyte
aggregates were found to release tissue factor [104,105], which can activate platelets. The
activation of platelets is correlated to the severity and poor outcome of the disease [105].
The evidence for platelet activation were alterations in the gene transcriptome; increased
P-selectin; and increased platelet aggregation to ADP, thrombin and collagen [106]. In
addition, there was increased adhesion and spreading of platelets on fibrinogen and
collagen. These changes contribute to the hypercoagulability not only through increased
platelet activation but also through increased tissue factor release. In addition, platelets are
the richest source of PAI-1 in the circulation. Activated platelets release PAI-1 from the α

granules, as has been shown in trauma patients [107]. However, it is not known if PAI-1 is
similarly released by platelets in COVID-19 infection.

6. Activation of the Complement System

One major innate immune response is the complement system [108,109]. It is com-
posed of protein elements that can be activated by three different pathways—classic,
alternative and lectin. Each pathway is activated respectively by the antigen/antibody
complex, spontaneous hydrolysis of C3 and the mannose-binding lectin (MBL)–mannose
complex. Following activation, C3 convertase cleaves C3 to C3a and C3b, resulting in the
generation of C5 convertase, which cleaves C5 to C5a and C5b. C5b then forms a complex
with other complement proteins to generate the membrane attack complex (MAC), consist-
ing of C5b-C6-C7-C8-C9 (often abbreviated as C5b–9). MAC acts on cells by disrupting the
cell surface, resulting in cell lysis. There are complement control proteins in the plasma
that regulate the complement system. They are C1-inhibitor (C1-INH) which binds to C1
and prevents its activation, decay accelerating factor (CD55), membrane cofactor protein
(CD46), protectin (CD59), complement C3b/C4b receptor 1, CR1 (CD35) and factor H.

The complement system has been shown to be activated in animal models of SARS-
CoV and MERS-CoV infections [40,110,111] and was observed in COVID-19 patients [43].
Autopsy examination of COVID-19 patients using immune-histochemical staining revealed
the presence of mannose-binding lectin-associated serine protease (MASP-2), C4d (lectin
pathway) and C5b–9 (membrane attack complex) in the microvasculature of the lung in the
alveolar septa and in the skin. These complement components colocalize with SARS-CoV-2.
In both biopsy and autopsy materials, vascular lesions with microthrombi were found,
along with C4d and C5b–9.

These observations are highly significant since the complement system is linked to
both the coagulation and the fibrinolytic systems. They support another explanation for
the high incidence of thrombotic complications in COVID-19.

There is crosstalk between members of the complement system and coagulation fac-
tors on the one hand, and components of the fibrinolytic system on the other [109], and this
is illustrated in Figure 3. C5a is a procoagulant and activates tissue factor, and suppression
of C3 or of C5 reduces tissue factor activity. With activation of tissue factor, the extrinsic
pathway of the coagulation cascade is triggered, leading to thrombin generation. Throm-
bin converts a carboxy-peptidase B-like proenzyme to thrombin-activatable fibrinolysis
inhibitor (TAFI), which blocks the conversion of plasminogen to plasmin [112]. TAFI can
also be activated by another component of the complement system, MASP-1 [113,114]. The
inhibitor of complement activation, C1-protease inhibitor(C1-inh), blocks the activation
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of coagulation and of complement [115]. It also inhibits plasmin [116]. In this complex
setting, activation of the complement system affects fibrinolysis and vice versa. Plasmin has
been shown to activate C3 and C5 directly and lead to formation of the membrane attack
(MAC) [117]. C5a has been shown to increase the expression of PAI-1 in mast cells [118].

Figure 3. The interactions of the complement system with coagulation and fibrinolysis. C5a activates tissue factor, initiating
the coagulation cascade, leading to thrombin generation and the formation of thrombin-activatable fibrinolysis inhibitor
(TAFI). TAFI blocks the conversion of plasminogen to plasmin. TAFI can also be activated by another component of the
complement system, MASP-1. C1 inhibitor blocks the activation of coagulation and inhibits plasmin. In addition, plasmin
activates C3 and C5 directly and this leads to formation of the membrane attack (MAC). C5a also increases the expression of
PAI-1 in mast cells.

In addition, C3a and C5b–9 were found to activate platelets [119–121]. Whether or
not PAI-1 is released is not known. If it does, this will be an additional pathway by which
complement activation may inhibit fibrinolysis.

Complement components have been found to colocalize in microvasculature with
SARS-CoV-2, activate coagulation and inhibit fibrinolysis, thus raising the question of
whether eculizumab or related C5 cleavage targeted therapies would be useful to prevent
detrimental thrombosis and microvascular injury [43]. However, in a case report of a patient
with preexisting atypical hemolytic syndrome (aHUS) who contracted severe COVID-19,
eculizumab therapy did not prevent severe endothelial injury or D-dimer elevations [122].
Nonetheless, treatment that inhibits the complement system remains an attractive drug
target. Two approved drugs are eculizumab and the longer acting ravulizumab, both
being monoclonal antibodies with high affinity to C5 and preventing the cleavage of C5
to C5a, thus blocking the formation of C5–9. In addition, there are other agents blocking
C3 activation under development. One of these is narsoplimab, a monoclonal antibody
against MASP-2 [123].

7. Fibrinolytic Balance

Under physiological conditions, the body’s fibrinolytic components are kept in a state
of balance between the profibrinolytic and the antifibrinolytic factors (Figure 1). This
delicate balance can be perturbed under many pathological conditions. In COVID-19, an
abnormal fibrinolytic balance is one of the major players in its pathogenesis. As the lung is
the most commonly involved organ, we have examined the local changes in the fibrinolytic
components and their effects on the fibrinolytic balance (Figure 4).
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Figure 4. Changes in the fibrinolytic balance in the lung in COVID-19. On the one hand, an increase in fibrinolytic
components, including uPA/UPAR, plasmin, iatrogenic tPA, plasminogen or plasmin, would tilt the balance towards
hyperfibrinolysis. This enhances the proteolysis of the viral S-protein and facilitates viral invasion; increases the breakdown
of fibrin in the alveoli, generating more D-dimer; enhances the risk of intra-alveolar hemorrhage and impairs the innate
immunity of host cells. On the other hand, the acute inflammatory response in the lung releases inflammatory cytokines
(IL-1, IL-6 and IL-17A), leading to an increase in PAI-1 and a decrease in the uPA/uPAR complexes. In addition, injury of
the type II alveolar cells results in decreased surfactant and the induction of the p53 pathway that upregulates PAI-1. These
will tilt the balance to hypofibrinolysis, with the consequences of increased fibrin deposition, hyaline membrane formation,
microvascular thrombosis, enhanced epithelial–mesenchymal transition and fibrosis.

Studies in the epithelial cells in the normal lung have indicated that uPA, its receptor
uPAR and PAI-1 are expressed [22,124,125]. This state of fibrinolytic balance keeps the
airways and alveoli free from fibrin deposition. In healthy subjects, uPA and uPAR are
present in the bronchoalveolar lavage fluids with no procoagulants, keeping the airways
and alveoli clear. tPA is not involved. There is a temporal relationship between COVID-19
infection and fibrinolysis. In the acute phase of the infection, the inflow of inflammatory
fluids containing fibrinogen and coagulation factors leads to fibrin deposition and hyaline
membrane formation. The acute inflammatory cytokines consisting of IL-1, IL-6 and IL-17A
upregulates PAI-1 and suppresses the expression of uPA and uPAR [50,51].

The relationship between lung injury and changes in uPA, uPAR and PAI-1 was fully
demonstrated in a bleomycin-induced model in mice [50]. Following injury to type II
alveolar cells by bleomycin, there is suppression of uPA and uPAR, along with an increase
in PAI-1. As uPA induces alveolar epithelial cell proliferation, these changes promote
apoptosis and fibrosis. The bleomycin lung injury also induces p53 expression, leading to
further downregulation of uPA and uPAR and upregulation of PAI-1 [125]. Similar changes
were observed in lungs injured by smoking [50].

In COVID-19 infection, there is injury to the type II alveolar cells, with the same
results of increased p53 expression, suppression of uPA, uPAR and an increase in PAI-1.
In addition, the type II alveolar cells are the source of surfactant. The damage by the
viral infection leads to a marked reduction in surfactant. With the decreased surfactant,
the p53 pathway is induced, leading to an increase in PAI-1 and a decrease in uPA and
uPAR [51,126]. The fibrinolytic balance is then shifted to a hypofibrinolytic state. This
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enhances fibrin deposition, hyaline membrane formation and microvascular thrombosis.
In the later phase of the infection, the lung epithelial cells undergo epithelial–mesenchymal
transition [127] and fibrosis [128]. These changes are also enhanced by PAI-1 [54].

8. Bleeding Complications

In contrast to thrombosis, bleeding in COVID-19 patients has received less attention in
the current literature. The incidence ranges from 6–21% in hospitalized patients [129–132].
The largest retrospective study, with 102 hospitalized patients anticoagulated on therapeutic
doses, showed an incidence of 11%, well correlated to mortality. There was little or no
increase in fibrinolysis. The etiology of the bleeding is likely endothelial damage from
the viral infection. The main risk factors for bleeding are the use of antiplatelet drugs,
anticoagulation and underlying vascular lesions. A recent report of major bleeding in
anticoagulated patients with macrothrombosis prompted caution in using therapeutic
doses of heparin and recommended close monitoring [133].

9. Therapeutic Targets

As impaired fibrinolysis due to increased PAI-1 levels was believed to be involved in
the pathogenesis of acute lung injury [22], various fibrinolytic agents have been used in its
management. These agents include tPA, uPA, plasminogen and plasmin. A meta-analysis
of 22 studies of fibrinolytic therapy in animal models of acute lung injury revealed that
the lung injury, oxygenation, local neutrophil infiltration and mortality are improved [134].
A similar approach is being employed to mitigate the clinical course of COVID-19 using
various components of the fibrinolytic system. Inhalation of plasminogen was found
to improve the lung lesions and hypoxemia in 13 patients with COVID 19 [135]. To
augment fibrinolysis, tPA has been used and delivered intravenously in ongoing clinical
trials [136,137]. Another strategy employs small molecules that inhibit PAI-1, one of which
is TM5411 [62,138]. At the time of this writing, it is also is undergoing clinical trial. Results
of these trials will verify the adverse role of PAI-1 in COVID-19.

10. Conclusions

This review of the pathogenesis of COVID-19 provides findings in the published
literature showing that the components of the fibrinolytic system are involved in multiple
steps of the viral infection. This involvement ranges from the invasion of the host by the
virus to organ damage and a variety of complications, including thrombosis and fibrosis.
Plasmin processes the viral S-protein for its entry into the host cells. The subsequent
binding of the S-protein to ACE-2 triggers a rise in angiotensin II, which upregulates
PAI-1. The lung injury with edema, hyaline membrane formation and alveolar damage
are examples of the ways in which fibrinolysis is heavily involved. Other changes such as
monocyte and macrophage infiltration in the lesions, evoking an acute inflammatory and
cytokine response, further enhance the fibrinolytic changes, especially an increase in PAI-1.
This close relationship between fibrinolysis and the disease process offers an opportunity
for a therapeutic target.

The pathogenesis of this viral infection also involves the activation of the complement
system. Notably, there is interaction among coagulation activation, with tissue factor initi-
ating the coagulation cascade and thrombin generation, TAFI activation and the inhibition
of fibrinolysis. Fibrinolysis is also inhibited by TAFI. Several steps in the complement
activation pathways also inhibit fibrinolysis. These actions form an attractive basis to
explain the hypercoagulability in COVID-19, with its increased incidence of thrombotic
complications. It is also notable that the degree of fibrinolytic involvement varies with the
severity of the illness and furthermore may change temporally during the course of the
disease. As such, the therapeutic approach should be appropriately tailored to the specific
phases of the clinical course. We expect that ongoing clinical trials will verify the role of
altered fibrinolysis in the pathogenesis of COVID-19.
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