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Abstract

The Plasminogen/Plasmin (Plg/Pla) system, best known for its classical role in thrombolysis, has 

been recently highlighted as a regulator of other biological processes in mammals, including key 

steps of the resolution of inflammation. Inflammation resolution is a complex process coordinated 

by different cellular effectors, notably leukocytes, and active mediators, and is initiated shortly 

after the inflammatory response begins. Once the inflammatory insult is eliminated, an effective 

and timely engagement of pro-resolution programs prevent persistent inflammation, thereby 

avoiding excessive tissue damage, fibrosis, and the development of autoimmunity. Interestingly, 

recent studies demonstrate that Plg/Pla and their receptor, Plg-RKT, regulate key steps in 

inflammation resolution. The number of studies investigating the involvement of the Plg/Pla 

system in these and other aspects of inflammation, including degradation of extracellular matrices, 

immune cell migration, wound healing, and skeletal growth and maintenance, highlights key roles 

of the Plg/Pla system during physiological and pathological conditions. Here, we discuss robust 

evidence in the literature for the emerging roles of the Plg/Pla system in key steps of inflammation 

resolution. These findings suggest that dysregulation in Plg production and its activation plays a 

role in the pathogenesis of inflammatory diseases. Elucidating central mechanisms underlying 

the role of Plg/Pla in key steps of inflammation resolution either in pre-clinical models of 

inflammation or in human inflammatory conditions, can provide a rationale for the development 

of new pharmacological interventions to promote resolution of inflammation, and open new 

pathways for the treatment of thromboinflammatory conditions.
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1. Introduction

Coagulation and inflammation are highly integrated processes triggered after tissue injury 

that prevent excessive bleeding, constrain, or eliminate invading pathogens and dead cells, 

among other functions, in order to reestablish vascular and tissue integrities [1]. It is widely 

known that most inflammatory signals induce pro-coagulant responses and that several 

components of the coagulation pathway have potent pro-inflammatory actions [2]. This 

crosstalk amplifies and maintains activation of both systems until they are counter-regulated 

by endogenous mechanisms (as discussed below) to avoid further tissue damage due to 

excessive inflammation and hypercoagulation [3, 4].

Fibrin is the final product of the coagulation cascade and the major component of the 

blood clot. The fibrinolytic or plasminogen/plasmin (Plg/Pla) system is activated to break 

down fibrin polymers within blood clots, thereby preventing thrombosis [5]. In addition, 

anticoagulant mechanisms counterbalance the synthesis or action of pro-coagulant factors 

[6]. Concomitantly, endogenous resolution programs operate to switch the production of 

pro-inflammatory toward pro-resolving molecules, by regulating leukocyte migration and 

clearing apoptotic cells to actively terminate inflammation and ensure the resumption of 

homeostasis [3, 7].

Dysregulation of any component of the coagulation/fibrinolytic and inflammation/resolution 

systems can affect the entire homeostatic balance, contributing to the pathophysiology of 

cardiovascular, respiratory, metabolic, and autoimmune diseases [8]. Notably, exacerbated 

inflammation and coagulopathy are hallmarks of deadly infectious diseases such as severe 

Coronavirus Disease-19 (COVID-19) [9, 10].

The molecular and cellular events that occur during coagulation, fibrinolysis and the onset 

of inflammation have been extensively investigated. However, the study of mechanisms 

underpinning the resolution phase of inflammation and, particularly the interplay between 

inflammation resolution and fibrinolysis, is an emerging area. Furthermore, accumulating 

evidence from recent studies, which are discussed in this review, expands the initially 

attributed function of Plg/Pla during acute inflammation (as reviewed elsewhere [11]) to 

highlight Plg/Pla as agonists of inflammation resolution.

2. Overview of the plasminogen/plasmin system

Plasminogen (Plg) is a glycoprotein of ~90 kDa comprised of 791 amino acids that is 

synthesized predominantly in the liver with lower expression in other tissues including the 

brain, adrenal gland, and kidney. Plg is found at relatively high concentrations (1.5-2µM) 

in human plasma and it is also present in interstitial tissues following plasma exudation 

during inflammation and tissue injury [12–14]. Plg is the zymogen of plasmin (Pla), a broad-
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spectrum enzyme composed of an N-terminal heavy chain (~65 kDa) and a C-terminal light 

chain (25 kDa) that contains the proteolytic active site [12].

Plg is converted into Pla through cleavage of the Arg561-Val562 peptide bond by either 

tissue-type (tPA) or urokinase-type (uPA) Plg activators [15]. Intravascular fibrinolysis, the 

breakdown of fibrin polymers in blood clots into smaller fragments (e.g., D-dimer), occurs 

primarily through tPA-triggered Pla generation, whereas uPA is more associated with tissue 

repair or remodeling [5]. Fibrinolysis is dependent on interactions between lysine residues in 

fibrin and lysine-binding sites (LBS) present in the Plg N-terminal chain [16]. Plg activation 

occurs more efficiently on cell surfaces than in solution due to the concomitant binding of 

Plg and its activators to their respective cellular receptors [17–19]. Of note, at least twelve 

Plg receptors have been identified so far, including α-enolase, Plg-RKT, αMβ2, and the 

annexin A2/S100A10 complex [18, 19].

Pla activity is low under physiological conditions, which means its activation into Pla occurs 

on a “need-only” basis, for example, once fibrin clots are formed [20]. The proteolytic 

activity of soluble Pla, i.e. not fibrin-bound Pla, is primarily regulated by α2-antiplasmin 

and also by α2-macroglobulin [21]. In addition, Plg activator inhibitor types-1 and −2 

(PAI-1 and PAI-2, respectively) control tPA and uPA activities to prevent further Pla 

generation [22]. Thrombin-activatable fibrinolysis inhibitor (TAFI) is also an important 

regulator of the Plg/Pla system [23]. TAFI removes lysine and arginine residues from fibrin, 

impairing Plg binding to fibrin and, consequently, attenuating fibrinolysis [23].

Pla has several other substrates in addition to fibrin, including coagulation factors, pro-

metalloproteinases, matrix proteins, and complement factors, and thus activates other 

proteolytic systems, suggesting that the Plg/Pla system has several other physiological 

functions apart from fibrinolysis, such as wound healing, and skeletal growth and 

maintenance [24, 25]. This concept is reinforced by the broad expression of Plg receptors by 

different cell types including myeloid, endothelial, neuronal cells, and fibroblasts in distinct 

body tissues [18].

The interaction of plasmin(ogen) with immune cells points to an important role of the 

fibrinolytic system in regulating immune responses [19, 20]. In addition, several lines of 

evidence suggest that the hemostatic and immune systems have been highly interconnected 

during evolution [1]. In primitive organisms, such as the horseshoe crab, the coagulation 

and innate immune systems are integrated [1]. These systems became much more complex 

and specialized in phylogenetically higher species, notably in Homo sapiens; however, the 

two-way crosstalk between coagulation and inflammation has persisted during evolution [1]. 

For instance, fibrin formation is known to trigger inflammation, and the interaction between 

activated platelets and neutrophils enhances leukocyte recruitment into inflammatory tissues 

[1, 26]. In addition, components of the immune system, such as pro-inflammatory cytokines 

can activate the coagulation system by inducing, for example, the expression of tissue factor 

(TF) and PAI-1 [2]. Interestingly, pro-inflammatory cytokines can also induce the expression 

of Plg [27] and its activators [2]. However, the study of the interplay between fibrinolysis, or 

thrombus dissolution, and the resolution phase of inflammation is more recent and remains 

to be better understood.
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3. Inflammation

Inflammation is an essential immune response that has enabled survival in relatively hostile 

environments under the potential threat of multiple infectious agents [28]. The vascular 

events that occur during an inflammatory response (vasodilatation, increased blood flow 

and vascular permeability) are an intrinsic part of the early stage or the “onset phase” of 

acute inflammation [29]. These events allow the accumulation of blood-derived leukocytes 

in affected tissues [notably polymorphonuclear (PMN) cells] to patrol and phagocytose 

invading microorganisms, particles, or dead cells [30]. On a histological level, maximal 

PMN cell infiltration is deemed to be the peak of acute inflammation [31]. Acute 

inflammation is usually resolved within a few hours or days [3, 7, 32].

The aim of the inflammatory process is to restore or adapt to a new state of tissue 

homeostasis, regardless of the causative agent (infectious or non-infectious) [30]. However, 

inflammation can be harmful to the host if excessive or persistent, leading to further tissue 

damage and hence complications, such as fibrosis, autoimmunity, and loss of function 

[30]. These are hallmarks of chronic inflammatory conditions that are prevalent in modern 

society, including cancer, obesity, cardiovascular, neurodegenerative, and some respiratory 

diseases [33]. Notably, elements of the coagulation pathway may induce or exacerbate 

inflammation and vice-versa, reinforcing the crosstalk between these two systems. For 

instance, the major trigger of blood coagulation, TF, can induce inflammation [34]; whereas 

C-reactive protein, an acute-phase reactant, induces TF expression in monocytes [35].

Inducers of inflammation are detected by sensors (receptors) expressed in leukocytes 

and other resident cells, such as endothelial cells, that produce soluble mediators as 

a response to stimuli [29]. These soluble mediators from diverse characteristics act on 

various target tissues and cells, which respond by altering their functional states and by 

producing further mediators to build an effective inflammatory response against damaging 

stimuli [30]. Another classic event triggered during inflammation mediated by microbial 

infections is the formation of neutrophil extracellular traps (NETs) [36]. During infections, 

neutrophils recruited to the affected tissue can release extracellular DNA, granule proteases, 

and histones, to prevent proliferation and dissemination of microorganisms [36]. NETs` 

release is an important mechanism for host infection control but their sustained activation 

is associated with uncontrolled inflammatory responses and the pathophysiology of several 

diseases [37].

The characteristics and consequences of an inflammatory response depend on several 

factors, including the type of inducer, sensors, activated cells, balance of pro- and anti-

inflammatory mediators, affected tissues, and intensity/duration of inflammation [29]. 

Moreover, recent studies have revealed that the successful termination of inflammation 

depends on the timely production of pro-resolving mediators, that directly stimulate the 

resolution of inflammation [3, 7, 32].
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4. Resolution of inflammation

In the past, inflammation was believed to passively fade away once the inflammatory 

stimulus was eliminated, with a gradual dilution of pro-inflammatory mediators and 

leukocytes within the affected tissue over time. However, robust evidence from the last 

decades indicates that inflammation resolution starts shortly after the acute inflammatory 

response begins [38], and is an active rather than a passive process that involves complex 

and tightly coordinated actions of various cells, as well as spatial and temporal production of 

mediators to reestablish tissue homeostasis [39–41]. The resolution phase of inflammation 

can be defined as the interval between maximum neutrophilic infiltration to the time point 

at which neutrophils are depleted from the affected tissue, which parallels an increase in 

mononuclear cell infiltration [42].

Akin to the five cardinal signs of inflammation, resolution of inflammation is also 

associated with five basic pillars, which are: i) tissue clearance of pathogens, dead cells, 

and debris; ii) re-establishment of endothelial barrier integrity and vascular perfusion; 

iii) tissue regeneration; iv) fever remission; and v) alleviation of inflammatory pain [43]. 

To achieve these pillars of resolution, key molecular and cellular events occur, such as 

inhibition of pro-inflammatory mediators and induction of pro-resolving ones, decrease of 

neutrophil numbers through cessation of cell recruitment and induction of apoptosis, skew 

of macrophages toward anti-inflammatory/pro-resolving phenotypes, with further removal 

of apoptotic neutrophils from the affected tissue [3, 7, 32, 38, 39, 41]. Figure 1 illustrates 

the sequential events during self-resolving inflammation as outlined above, and the role of 

Plg/Pla in key steps of this process, which will be discussed in detail below.

Pro-resolving mediators comprise a large and growing family of mediators, including 

proteins/peptides [e.g., annexin A1 (AnxA1), glucocorticoid-induced leucine zipper (GILZ), 

Angiotensin-(1–7) and melanocortins], lipids [named specialized pro-resolving mediators 

(SPMs), including lipoxins (LXA4), resolvins (RvD), maresins (MaR), and protectins], 

gases (e.g., hydrogen sulfide, and carbon monoxide), and neuromodulators under control 

of the vagus nerve (e.g., netrin-1 and acetylcholine) [39, 40]. The cellular and molecular 

processes activated by pro-resolving mediators can both reduce the magnitude of the 

inflammatory response and stimulate its resolution, which means that they possess both 

anti-inflammatory and pro-resolving effects, but without causing immunosuppression [39, 

40]. Mounting evidence suggests that pro-resolving mediators also enhance the clearance 

of microorganisms [40], stimulate tissue regeneration, attenuate fibrosis, alleviate pain [39], 

and help to prime adaptive immunity in the post-resolution phase of acute inflammation [3, 

44].

Regarding the role of pro-resolving mediators during hemostasis, a temporal cluster 

of endogenously produced prothrombotic and proinflammatory eicosanoids mediators as 

well as SPMs has been identified during coagulation [45]. It was further demonstrated 

that pro-resolving mediators derived from omega-6 and omega-3 fatty acids (SPMs) are 

naturally produced in a time-dependent manner during venous thrombosis progression in 
vivo, notably during the onset of thrombus resolution [46]. Exogenous administration of 

the RvD4 significantly reduces thrombus size in mice with deep vein thrombosis [46]. 
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Additionally, RvD4 promotes the resolution of thrombus inflammation by triggering the 

synthesis of other docosahexaenoic acid-derived SPMs, inhibiting neutrophil migration and 

NETs release, increasing the percentage of cells in early apoptosis, and shifting macrophage 

phenotypes from M1 to M2 phenotype within the thrombus [46]. Notably, both lipid 

and protein pro-resolving mediators, including RvD1 and AnxA1 have been shown to be 

protective in thromboinflammatory sickle cell disease (SCD) [47, 48]. Indeed, by using 

pre-clinical models of SCD or human samples, it was demonstrated that these mediators act 

by inducing several pro-resolving mechanisms, including increasing efferocytosis of SCD 

erythrocytes and neutrophils, reducing inflammatory cytokine and vascular inflammation 

and inhibiting the thrombotic NET phenotype associated with neutrophil activation during 

thromboinflammatory conditions [47]. Given the temporal and mechanistic relationship 

between clot dissolution and resolution of inflammation during thrombus resolution, and 

the role of pro-resolving mediators in thromboinflammatory diseases, targeting fibrinolytic 

pathways could represent a novel therapeutic approach to resolve inflammation.

5. Emerging roles of the Plg/Pla system on inflammation resolution

5.1. The role of Plg/Pla in neutrophil apoptosis and efferocytosis

The shutdown of neutrophil function by apoptosis is essential for their removal from 

inflamed tissues, thereby avoiding further tissue injury [49]. Neutrophils undergoing 

apoptosis display engulfment molecules that promptly attract macrophages to phagocytize 

them, in a process termed efferocytosis [50].

Previous reports have documented enhanced plasminogen binding to apoptotic cells surface 

[51], and that the proteolytic activation of Plg to Pla is required for the phagocytic 

removal of apoptotic cells [52]. Moreover, necrotic cells also generate surface-bound Pla, 

and Pla enhance the efferocytosis of necrotic cells by dendritic cells via its protease 

activity, while producing an immunosuppressive state in dendritic cells [53]. In an elegant 

study, Das et al. showed that Plg enhances phagocytosis of apoptotic thymocytes in vitro 
by modulating the expression of genes involved in several of the main steps of the 

phagocytosis pathway, including recognition and engulfment, and phagosome maturation/

processing [54]. Moreover, Plg deficiency hampers the clearance of apoptotic cells in vivo 
[54]. Conversely, intrapleural injection of Plg or Pla at the peak of LPS-induced pleurisy 

promoted the resolution of neutrophilic inflammation by increasing neutrophil apoptosis and 

their removal by efferocytosis [55]. In addition, in vitro experiments showed that neutrophil 

treatment with Plg/Pla decreases neutrophil survival induced by LPS, overriding the pro-

survival effect of LPS [55]. Moreover, Plg/Pla improved the efferocytic functions of mouse 

peritoneal macrophage when apoptotic neutrophils were provided as prey in the peritoneal 

cavity [55]. Mechanistically, neutrophil apoptosis and efferocytosis were dependent on Pla-

protease activity and up-regulation of AnxA1 [55], a glucocorticoid-induced protein with 

anti-inflammatory and pro-resolving functions [39, 40], including in thromboinflammatory 

conditions [47]. Notably, deletion of either Plg or Plg-RKT decreases the ability of 

macrophages to phagocytose apoptotic neutrophils both in vivo and in vitro associated with 

lower expression of AnxA1 and the scavenger receptor CD206, as compared to wild-type 

(WT) mice [56]. Indeed, Plg−/− mice also has higher neutrophils numbers and defective 
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neutrophil apoptosis/efferocytosis during sepsis compared to WT mice, features that are 

rescued after Pla-treatment of septic WT mice [57]. The role of Plg/Pla in modulating 

neutrophil apoptosis and efferocytosis is shown in Figure 2.

5.2 Effects of Plg/Pla on mononuclear cell migration and macrophage polarization

Monocytes migrate from the bloodstream to peripheral tissues, where they differentiate 

into macrophages or dendritic cells, during both homeostasis and inflammation [58]. 

Recruitment of mononuclear cells to inflamed tissues is essential for the clearance of 

pathogens, apoptotic cells, and cellular debris [58]. In pre-clinical models of self-resolving 

inflammation, recruitment of mononuclear cells reaches a peak during the resolving phase of 

inflammation [42, 56].

Macrophages are able to adopt different phenotypes, depending on the inflammatory 

context or phase of inflammation. M1 (or classically activated) macrophages play major 

roles during the early stages of infection or injury. Microbial constituents (e.g., LPS) 

and pro-inflammatory cytokines [e.g., interferon (IFN)-γ] can induce the polarization of 

macrophages into the M1-like phenotype that produces high levels of pro-inflammatory 

mediators, such as IL-1β and TNF, and microbicidal molecules, such as reactive oxygen 

species and nitric oxide [59]. The macrophage phenotype progresses from M1 toward 

M2 (or alternatively activated type), as the resolution of inflammation evolves [56]. 

M2 macrophages secrete anti-inflammatory cytokines (e.g., IL-10 and TGF-β) and have 

higher efferocytic ability compared with M1 macrophages [59]. In vivo, M2 macrophages 

(CD11bhigh) can further differentiate into Mres macrophages (CD11blow), also known as 

“satiated” macrophages, as they have lost their ability to engulf apoptotic cells [60]. In 

addition to producing anti-inflammatory cytokines, Mres macrophages exhibit antioxidant 

and anti-fibrotic properties [61]. Once the resolution of inflammation is completed, 

resolutive macrophages migrate to the lymph nodes, where they convey signals to 

lymphocytes and other immune cells to build an adaptive immune response [44].

Studies revealed that plasmin(ogen) is a key factor for monocyte recruitment [56, 62–64]. 

In fact, Plg expression and Pla activity are high during the resolving phase of acute 

inflammation, when mononuclear cells predominate in inflammatory exudates [55]. In 

addition, Plg deficiency interferes with lymphocyte and dendritic cell recruitment, without 

affecting PMN migration [56, 62, 64].

The fibrinogen-binding motif for integrin αMβ2 is required for Plg-mediated mononuclear 

cell migration through fibrin matrices and Pla-mediated fibrinolysis loosens the migratory 

constraints on macrophages imposed by the αMβ2-dependent interaction with fibrin(ogen) 

[64]. It is noteworthy that Plg-dependent mononuclear cell recruitment also depends 

on Plg binding to cellular receptors, including Plg-RKT, which is highly expressed in 

monocytes [65]. Indeed, monocyte recruitment is lower in Plg-R−/− mice compared to 

WT during thioglycolate-induced peritonitis [65]. In addition, genetic deletion of either 

Plg or Plg-RKT results in decreased mononuclear cell migration during the resolving phase 

of LPS-induced pleurisy [56]. Since Plg-RKT does not have an intracellular domain to 

transduce signaling by itself [66], its effects appear to be mediated by activation of Plg 

to Pla. One proposed explanation is that after Plg binds to its cell surface receptors (e.g., 
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Plg-RKT), it adopts a conformation that favors its cleavage into Pla to exert its biological 

functions [67, 68], including the production of CCL2 [63], an important chemokine for 

the recruitment of mononuclear cells [69]. Indeed, there were lower CCL2 levels alongside 

lower recruitment of mononuclear cells into the pleural cavity of either Plg−/− or Plg-RKT
−/− 

mice during LPS-induced pleurisy [56]. Moreover, Plg/Pla from local macrophages are 

required for extravascular fibrin clearance by promoting endocytic uptake of fibrin by 

CCR2-macrophages [70].

Pla formation is also required for Plg-dependent mononuclear cell recruitment, as mutation 

of the Arg-Val site for Plg activators (resulting in a non-activatable Plg) or treatment with 

Pla inhibitors, including aprotinin, suppresses macrophage cell recruitment to inflammatory 

sites [63, 71, 72]. Once Pla is formed, it degrades extracellular matrices and activates 

other proteolytic enzymes, such as MMP-9 that facilitate cell migration [72]. Activation of 

pro-MMP-9 is reduced in the peritoneal fluid of thioglycolate injected-WT mice treated with 

anti-Plg-RKT mAb and in Plg−/− mice in an abdominal aortic aneurysm model [65, 72]. The 

role of Plg/Pla in modulating mononuclear cell recruitment is shown in Figure 3.

Our group have shown that pleural injection of Pla or Plg increases the number of M2 

(F4/80high/Gr1-/CD11bhigh) and Mres (F4/80med/Cd11blow) macrophages, without affecting 

the number of M1 macrophages (F4/80low/Gr1+/Cd11bmed) 48h after injection [55]. In 

addition, Pla induces the expression of the M2 markers CD206 and arginase-1, while 

reducing the basal levels of inducible nitric oxide, an M1 marker [55]. The levels of 

TGF-β and IL-10, which are known inducers of M2-like macrophages, are also increased 

in the pleural fluid after Pla or Plg injection [55]. Corroborating these findings, in vitro 
experiments using murine or human macrophages, demonstrated that treatment with Plg/Pla 

stimulates the release/expression of the M2 markers (IL-10, TGF-β, CD206, and arginase-1) 

while inhibiting the release/expression of M1 markers (TNF-α, HLA, and CD86) in 

LPS+IFN-γ-stimulated macrophages [56]. Indeed, Borg and coworkers found increased 

TGF-β levels and decreased expression of CD86 and HLA-DR by monocyte-derived 

dendritic cells after Pla treatment [53]. Of note, pro-inflammatory CD14++CD16+ human 

and Ly6Chigh mouse monocytes express significantly higher levels of Plg-RKT on their 

surfaces and present higher Plg binding capacity than other monocytes subsets [73].

It is known that macrophage polarization stimuli, such as IL-4 and IL-10 induce activation 

of the signal transduction and activators of transcription (STATs) to induce gene expression 

associated with the M2-like phenotype [59]. Regarding the signaling pathway elicited by 

Plg/Pla during macrophage polarization, our group and another showed that Pla induces 

STAT-3 phosphorylation in monocytes and macrophages [56, 74]. Interestingly, total and 

phosphorylated levels of STAT3 were lower in Plg−/− mice during sepsis, compared to 

Plg+/+ mice [75]. Moreover, IL-10- and IL-4-induced polarization to the M2-like phenotype 

is impaired in murine bone marrow-derived macrophages (BMDMs) from Plg−/− and 

Plg-RKT
−/− mice, which is associated with reduced STAT3 phosphorylation and lower 

expression of Arginase-1 and CD206 M2-markers [56]. Notably, while both Plg−/− or 

Plg-RKT
−/− mice exhibit higher M1 numbers during LPS-induced pleurisy [56] and sepsis 

[57], the levels of P-STAT-1 were similar in LPS+IFN-γ-stimulated BMDMs compared 

to BMDMs from WT mice, suggesting that Plg/Pla binding to their receptors, which are 
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increased in inflammatory monocytes [73], is important to skew inflammatory macrophages 

toward regulatory phenotypes, and that pro-inflammatory profiles are favored in the absence 

of Plg/Pla signaling. This hypothesis is in line with our recent findings using a pre-clinical 

model of severe sepsis, in which Pla-treatment of septic mice decreased M1 macrophages 

numbers, alongside several other inflammatory/damage parameters, improving mice survival 

[57]. In line with this, there were higher numbers of neutrophils and M1 macrophages 

accompanied of increased lethality rates in uPA receptor (uPAR)−/− mice subject to sepsis 

[57]. Indeed, it was reported in a mice model of inflammatory bowel disease (IBD) 

that uPAR absence leads to an increased production of pro-inflammatory cytokines, M1 

macrophage polarization, and defective phagocytosis [76]. Interestingly, uPAR expression is 

downregulated in macrophages derived from the inflamed mucosa of patients with IBD [76]. 

The roles of Plg/Pla in modulating macrophage reprogramming are depicted in Figure 3.

5.3. The role of Plg/Pla in modulating the production of mediators of inflammation

The genetic deletion of Plg hampers the production of the anti-inflammatory cytokine IL-10 

by macrophages stimulated with LPS+IFN-γ [56]. Conversely, pre-treatment of human 

macrophages with Pla increases the release of IL-10 and reduces the secretion of the pro-

inflammatory cytokine TNF induced by LPS+IFN-γ [56]. Pla also increases the levels of 

IL-10 and TGF-β in mouse macrophages [56], and increases TGF-β levels without affecting 

IL-10 release by monocyte-derived dendritic cells [53]. In addition, pre-treatment of murine 

macrophages with Pla decreases release of TNF and IL-1β in response to IFN-γ [77]. 

Aiding to these findings, septic-Plg−/− mice show higher levels of IL-6, while treatment of 

septic-WT mice with Pla reduces the levels of IL-6 and CXCL1 (neutrophil chemoattractive 

chemokine), associated with decreased neutrophil recruitment into the peritoneal cavity [57]. 

Noteworthy, it has been demonstrated that Plg can be induced by IL-6 [27] and vice-versa, 

i.e. injection of Plg/Pla into the pleural cavity of mice induces IL-6 release [55, 63], 

which is associated with Plg/Pla-induced macrophage polarization to regulatory phenotypes 

in nonphlogistic conditions [55]. Although the mechanism underlying IL-6 modulation 

by Plg/Pla remains to be unraveled, given our recent findings of Plg/Pla-mediated IL-6 

regulation in septic condition [57] and the known pleiotropic inflammatory actions of IL-6 

[78], one can hypothesize that the role of Plg/Pla in modulating IL-6 levels depends on the 

inflammatory milieu.

It was reported Pla effect in reducing LTB4, a pro-inflammatory lipid mediator, while 

inhibiting neutrophil chemotaxis and the release of superoxide radicals [79]. However, Pla 

has been shown to possess pro-inflammatory actions in other scenarios. When used in high 

concentrations in vitro, Pla induces the production of pro-inflammatory mediators such as 

the cytokines TNF-α and IL-1 [11], and the lipids LTB4 and PGE2 [80, 81]. Moreover, 

Plg is activated during some inflammatory conditions, such as acute graft-versus-host 

disease and macrophage activation syndrome, and Pla inhibition prevents mortality in these 

inflammatory conditions [82, 83]. In contrast, Sugimoto et al. showed that Plg expression 

and Pla activity are higher also at the resolution phase of inflammation of LPS-induced 

pleurisy, and Pla given at the peak of inflammation promotes inflammation resolution 

[55]. Yet, Pla given to septic mice decreases the exacerbated inflammation and sepsis-

induced lethality rates [57]. Notably, activation of the Plg/Pla system also up-regulates the 

Perucci et al. Page 9

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression and release of AnxA1 [55] and activates the AMPK pathway [77], which is 

engaged by several pro-resolving mediators, including AnxA1 and protectin DX [84, 85]. 

Another important point of interest is to know if pro-resolving mediators would affect the 

Plg/Pla system and vice-versa. Of note, RvD3 inhibit PAI-1 secretion by monocytes [86], 

which would ultimately decrease the inactivation of Plg activators. Therefore, the complex 

dynamics of Plg/Pla in inflammation seem to be dependent on the concentration used in 
vitro and on clinical condition or time of inhibition attempted in in vivo studies.

The interesting concept that “the beginning programs the end” [38] explored by Dr. Serhan 

Lab to describe the activation and actions of pro-resolving molecules, aligns nicely with 

the Plg/Pla pathways that can activate important pathways during the onset of inflammation 

[11] but, in a timely and temporal manner, may induce signaling leading to inflammation 

resolution. In this regard, our hypothesis is that there is a proper therapeutic window for Pla 

administration in the course of inflammatory diseases that harnesses key steps of resolution 

of inflammation while preventing unwanted effects. The role of Plg/Pla in modulating the 

production of inflammatory mediators is shown in Table 1.

5.4. The role of Plg/Pla in modulating neutrophil infiltration and NET release

Emerging studies have demonstrated the importance of Plg/Pla on neutrophil function, 

notably in the context of its deficiency or supplementation by using pre-clinical models 

of diseases [57, 87]. An elegant study has shown increased neutrophilic infiltration and 

NETs formation during periodontal immunopathology in Plg−/− mice. Mechanistically, the 

authors showed that fibrin accumulation due to the lack of fibrinolysis in Plg−/− mice 

leads to persistent neutrophil activation and NETs release [87]. These data corroborate with 

our recent study using a murine model of sepsis, in which Plg−/− mice displayed higher 

lethality rates associated with increased neutrophils numbers, defective apoptosis, liver fibrin 

deposition, IL-6 levels, tissue damage and systemic release of NETs, as compared to Plg+/+ 

mice [57]. Noteworthy, administration of Plg/Pla to septic-WT mice decreases neutrophil 

numbers, while promotes their apoptosis with further removal by efferocytosis, decreases 

cytokines, tissue damage, fibrin deposition and NETs release, events that render mice 

less susceptible to sepsis [57]. Correspondingly, t-PA inhibits pro-inflammatory pathways 

induced by LPS in macrophages and administration of t-PA to septic mice decreases 

lethality rates by blocking the toxicity of LPS [88]. Noteworthy, Pla administration to septic 

mice also decreased neutrophilic infiltration into the tissue [57], a characteristic that is seen 

associated with fibrin deposition in some pre-clinical models using Plg−/− mice [25, 87]. 

It remains to be uncovered whether Pla-treatment decreases neutrophil migration or has a 

more relevant role in neutrophil apoptosis and removal. Nevertheless, these data indicate an 

inability of the inflammatory phase to resolve in the absence of Plg and open a window of 

opportunity for fibrinolytic therapy in some inflammatory diseases.

Mechanistically, pre-treatment of human neutrophils with Plg/Pla decreased NETs release 

in a process dependent on Pla protease activity and lysine binding sites. Interestingly, it 

has been reported that pro-resolving mediators, including AnxA1 and RvT-series, reduce 

NETs by enhancing neutrophil apoptosis or NETs uptake by macrophages, favoring NETs 

clearance at inflammatory sites [89]. Although the mechanisms by which Pla modulates 
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NETs release have not been established, given the known role of Plg/Pla on neutrophil 

apoptosis and macrophage efferocytosis [53, 55], one can hypothesize a similar pathway 

would also apply to Plg/Pla. Of interest, the DNA-bound elastase of NETs degrades 

plasminogen, reduces plasmin formation, and decreases fibrinolysis [90], highlighting the 

intricate mechanism of regulation between the Plg/Pla systems and neutrophil activation. 

The role of Plg/Pla in modulating neutrophil infiltration and NET release is shown in Figure 

4.

6. Defective production or activation of Plg during inflammatory 

conditions

The role of Plg/Pla in modulating the inflammatory response has been reinforced by studies 

showing lower levels of Plg or decreased Pla generation during exacerbated or non-resolving 

inflammatory conditions [91–94]. Recently, low plasminogen and high PAI-1 levels were 

shown to be associated with increased inflammation and sepsis severity in vivo [57]. 

Indeed, an acute fibrinolysis shutdown occurs early in septic shock and associates with 

increased morbidity and lethality [91]. In COVID-19 patients, low circulating plasminogen 

levels strongly correlate with mortality [92]. Interestingly, plasma Plg levels significantly 

decrease post-burn and remain low during the peak of inflammation and coagulopathy [93]. 

Moreover, low Plg levels positively correlate with organ failure in patients with severe burn 

[93]. It has also been demonstrated that Pla generation is delayed in mice on a high-fat 

diet, a model of chronic inflammatory metabolic disease [94]. However, it is noteworthy 

that Plg/Pla deficiency or inhibition of Pla activity may have protective actions in other 

inflammatory contexts, such as macrophage activation syndrome [82]. The putative dual role 

of Plg/Pla in inflammation has been elegantly reviewed elsewhere [20, 95].

7. Conclusion and perspectives

It has become increasingly evident that the biological functions of the Plg/Pla system extend 

beyond the dissolution of the fibrin clot. Studies in vitro and using pre-clinical models 

of acute inflammation have revealed that Plg, and particularly Pla, regulate several key 

steps of inflammation resolution (Figure 1), at least in part through AnxA1, warranting 

reestablishment or adaptation of injured tissue to a new state of homeostasis. However, one 

cannot disregard the putative dual role of Plg/Pla on inflammation and that actions of Plg/Pla 

are likely to be context dependent, which should be better explored in future studies focused 

on other inflammatory contexts, such as infectious and chronic inflammatory conditions.

Targeting fibrinolytic pathways emerges as a promising therapeutic approach for clinical 

conditions associated with defective resolution of inflammation that greatly affect human 

health, including cardiovascular, metabolic, and respiratory diseases. Indeed, clinically 

moderate COVID-19 patients quickly improved lung function after Plg inhalation by 

increasing oxygen saturation [96]. In addition, granulocyte microvesicles with a high Pla 

generation capacity [97] or local Pla-injection into peritoneum [57] improves the outcome 

of septic mice, pointing out for a beneficial effect of Pla-based therapy in infectious 

disease with thromboinflammatory characteristics. Moreover, subcutaneous injections of 

Plg accelerate healing of radiation-induced wounds, by reducing neutrophil accumulation 
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and decreasing the expression of pro-inflammatory genes (e.g., and TNF, IL-1β, IL-6 

and CXCL1) [98]. Notably, many of these Plg-downregulated genes are pro-fibrotic, 

suggesting that Plg can redirect the healing process to resemble the physiological state 

with reduced fibrosis [98]. Since Pla, when administered intravenously, can be rapidly 

inhibited by endogenous inhibitors present at very high concentrations in the blood [21], 

there is a need for the development of formulations that increase Pla half-life. Indeed, 

nanoformulations using heparin/polyarginine based polymers or liposomes loaded with Pla 

increase Pla stability, showing promising effects in a mouse model of stroke [99, 100]. 

Future clinical trials will be necessary to establish the effectiveness and safety of Plg/Pla-

based therapeutics.

Acknowledgments

The authors would like to thank Dr. Luciana Padua Tavares for the valuable insights provided for this article. The 
work of Dr. Lirlândia P. Sousa Lab was supported by grants from CAPES, CNPq (306789/2018–3), INCT Dengue 
and Host–Pathogen Interactions (465425/2014–3), FAPEMIG (APQ-03221-18) – Brazil. The work of Dr. Lindsey 
Miles was supported by NIH grants HL149511 and HL081046.

References

1. Delvaeye M, Conway EM. Coagulation and innate immune responses: can we view them 
separately? Blood 2009; 114: 2367–74. 10.1182/blood-2009-05-199208. [PubMed: 19584396] 

2. Foley JH, Conway EM. Cross Talk Pathways Between Coagulation and Inflammation. Circ Res 
2016; 118: 1392–408. 10.1161/CIRCRESAHA.116.306853. [PubMed: 27126649] 

3. Fullerton JN, Gilroy DW. Resolution of inflammation: a new therapeutic frontier. Nat Rev Drug 
Discov 2016; 15: 551–67. 10.1038/nrd.2016.39. [PubMed: 27020098] 

4. Chapin JC, Hajjar KA. Fibrinolysis and the control of blood coagulation. Blood Rev 2015; 29: 
17–24. 10.1016/j.blre.2014.09.003. [PubMed: 25294122] 

5. Cesarman-Maus G, Hajjar KA. Molecular mechanisms of fibrinolysis. Br J Haematol 2005; 129: 
307–21. 10.1111/j.1365-2141.2005.05444.x. [PubMed: 15842654] 

6. Rosenberg RD, Rosenberg JS. Natural anticoagulant mechanisms. J Clin Invest 1984; 74: 1–6. 
10.1172/JCI111389. [PubMed: 6330171] 

7. Sugimoto MA, Sousa LP, Pinho V, Perretti M, Teixeira MM. Resolution of Inflammation: What 
Controls Its Onset? Front Immunol 2016; 7: 160. 10.3389/fimmu.2016.00160. [PubMed: 27199985] 

8. Jackson SP, Darbousset R, Schoenwaelder SM. Thromboinflammation: challenges of therapeutically 
targeting coagulation and other host defense mechanisms. Blood 2019; 133: 906–18. 10.1182/
blood-2018-11-882993. [PubMed: 30642917] 

9. An H, Zhang J, Li T, Hu Y, Wang Q, Chen C, Ying B, Jin S, Li M. Inflammation/Coagulopathy/
Immunology Responsive Index Predicts Poor COVID-19 Prognosis. Front Cell Infect Microbiol. 
2022; 12: 807332. 10.3389/fcimb.2022.807332.

10. Sugimoto MA, Perucci LO, Tavares LP, Teixeira MM, Sousa LP. Fibrinolysis in COVID-19: 
Impact on Clot Lysis and Modulation of Inflammation. Curr Drug Targets. 2022; 23: 1578–92. 
10.2174/1389450123666221011102250.

11. Syrovets T, Lunov O, Simmet T. Plasmin as a proinflammatory cell activator. J Leukoc Biol 2012; 
92: 509–19. 10.1189/jlb.0212056. [PubMed: 22561604] 

12. Ponting CP, Marshall JM, Cederholm-Williams SA. Plasminogen: a structural review. Blood 
Coagul Fibrinolysis 1992; 3: 605–14. [PubMed: 1333289] 

13. Tait RC, Walker ID, Conkie JA, Islam SI, McCall F, Mitchell R, Davidson JF. Plasminogen levels 
in healthy volunteers--influence of age, sex, smoking and oral contraceptives. Thromb Haemost 
1992; 68: 506–10. [PubMed: 1455395] 

Perucci et al. Page 12

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Zhang L, Seiffert D, Fowler BJ, Jenkins GR, Thinnes TC, Loskutoff DJ, Parmer RJ, Miles 
LA. Plasminogen has a broad extrahepatic distribution. Thromb Haemost 2002; 87: 493–501. 
[PubMed: 11916082] 

15. Robbins KC, Summaria L, Hsieh B, Shah RJ. The peptide chains of human plasmin. Mechanism 
of activation of human plasminogen to plasmin. J Biol Chem 1967; 242: 2333–42. [PubMed: 
4226004] 

16. Miles LA, Andronicos NM, Felez J, Grella DK, Castellino FJ, Gong Y. The Role of Lys-
Plasminogen in Cell-Mediated Plasmin Production. Book chapter: Plasminogen: Structure, 
Activation, and Regulation. New York: Kluwer Academic/Plenum Publishers, 2003.

17. Humphries JE, Vasudevan J, Gonias SL. Fibrinogenolytic and fibrinolytic activity of cell-
associated plasmin. Arterioscler Thromb 1993; 13: 48–55. 10.1161/01.atv.13.1.48. [PubMed: 
7678497] 

18. Plow EF, Doeuvre L, Das R. So many plasminogen receptors: why? J Biomed Biotechnol 2012; 
2012: 141806. 10.1155/2012/141806. [PubMed: 23118495] 

19. Miles LA, Parmer RJ. Plasminogen receptors: the first quarter century. Semin Thromb Hemost 
2013; 39: 329–37. 10.1055/s-0033-1334483. [PubMed: 23532575] 

20. Keragala CB, Medcalf RL. Plasminogen: an enigmatic zymogen. Blood 2021; 137: 2881–9. 
10.1182/blood.2020008951. [PubMed: 33735914] 

21. Harpel PC. Alpha2-plasmin inhibitor and alpha2-macroglobulin-plasmin complexes in plasma. 
Quantitation by an enzyme-linked differential antibody immunosorbent assay. J Clin Invest 1981; 
68: 46–55. 10.1172/jci110253. [PubMed: 6166634] 

22. Saksela O, Rifkin DB. Cell-associated plasminogen activation: regulation and physiological 
functions. Annu Rev Cell Biol 1988; 4: 93–126. 10.1146/annurev.cb.04.110188.000521. [PubMed: 
3143380] 

23. Nesheim M, Bajzar L. The discovery of TAFI. J Thromb Haemost 2005; 3: 2139–46. 10.1111/
j.1538-7836.2005.01280.x. [PubMed: 16194190] 

24. Cole HA, Moore-Lotridge SN, Hawley GD, Jacobson R, Yuasa M, Gewin L, Nyman JS, Flick 
MJ, Schoenecker JG. The Deleterious Effects of Impaired Fibrinolysis on Skeletal Development 
Are Dependent on Fibrin(ogen), but Independent of Interlukin-6. Front Cardiovasc Med. 2021; 8: 
768338. 10.3389/fcvm.2021.768338.

25. Sulniute R, Shen Y, Guo YZ, Fallah M, Ahlskog N, Ny L, Rakhimova O, Broden J, Boija H, 
Moghaddam A, Li J, Wilczynska M, Ny T. Plasminogen is a critical regulator of cutaneous wound 
healing. Thromb Haemost 2016; 115: 1001–9. 10.1160/TH15-08-0653. [PubMed: 26791370] 

26. Zarbock A, Polanowska-Grabowska RK, Ley K. Platelet-neutrophil-interactions: linking 
hemostasis and inflammation. Blood Rev 2007; 21: 99–111. 10.1016/j.blre.2006.06.001. [PubMed: 
16987572] 

27. Jenkins GR, Seiffert D, Parmer RJ, Miles LA. Regulation of plasminogen gene expression by 
interleukin-6. Blood 1997; 89: 2394–403. [PubMed: 9116283] 

28. Le Souëf PN, Goldblatt J, Lynch NR. Evolutionary adaptation of inflammatory immune 
responses in human beings. Lancet 2000; 356: 242–4. 10.1016/s0140-6736(00)02491-0. [PubMed: 
10963213] 

29. Inflammation Medzhitov R. 2010: new adventures of an old flame. Cell 2010; 140: 771–6. 
10.1016/j.cell.2010.03.006. [PubMed: 20303867] 

30. Origin Medzhitov R. and physiological roles of inflammation. Nature 2008; 454: 428–35. 10.1038/
nature07201. [PubMed: 18650913] 

31. Margraf A, Lowell CA, Zarbock A. Neutrophils in acute inflammation: current concepts and 
translational implications. Blood 2022; 139: 2130–44. 10.1182/blood.2021012295. [PubMed: 
34624098] 

32. Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C, O’Neill LA, Perretti M, Rossi AG, 
Wallace JL. Resolution of inflammation: state of the art, definitions and terms. FASEB J 2007; 21: 
325–32. 10.1096/fj.06-7227rev. [PubMed: 17267386] 

33. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, Ferrucci L, Gilroy DW, 
Fasano A, Miller GW, Miller AH, Mantovani A, Weyand CM, Barzilai N, Goronzy JJ, Rando 
TA, Effros RB, Lucia A, Kleinstreuer N, Slavich GM. Chronic inflammation in the etiology of 

Perucci et al. Page 13

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disease across the life span. Nat Med 2019; 25: 1822–32. 10.1038/s41591-019-0675-0. [PubMed: 
31806905] 

34. Bokarewa MI, Morrissey JH, Tarkowski A. Tissue factor as a proinflammatory agent. Arthritis Res 
2002; 4: 190–5. 10.1186/ar405. [PubMed: 12010569] 

35. Cermak J, Key NS, Bach RR, Balla J, Jacob HS, Vercellotti GM. C-reactive protein induces 
human peripheral blood monocytes to synthesize tissue factor. Blood 1993; 82: 513–20. [PubMed: 
8329706] 

36. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, Weinrauch Y, 
Zychlinsky A. Neutrophil extracellular traps kill bacteria. Science 2004; 303: 1532–5. 10.1126/
science.1092385. [PubMed: 15001782] 

37. Castanheira FVS, Kubes P. Neutrophils and NETs in modulating acute and chronic inflammation. 
Blood 2019; 133: 2178–85. 10.1182/blood-2018-11-844530. [PubMed: 30898862] 

38. Serhan CN, Savill J. Resolution of inflammation: the beginning programs the end. Nat Immunol 
2005; 6: 1191–7. 10.1038/ni1276. [PubMed: 16369558] 

39. Sugimoto MA, Vago JP, Perretti M, Teixeira MM. Mediators of the Resolution of the Inflammatory 
Response. Trends Immunol 2019; 40: 212–27. 10.1016/j.it.2019.01.007. [PubMed: 30772190] 

40. Tavares LP, Melo EM, Sousa LP, Teixeira MM. Pro-resolving therapies as potential adjunct 
treatment for infectious diseases: Evidence from studies with annexin A1 and angiotensin-(1–7). 
Semin Immunol 2022; 59: 101601. 10.1016/j.smim.2022.101601. [PubMed: 35219595] 

41. Alessandri AL, Sousa LP, Lucas CD, Rossi AG, Pinho V, Teixeira MM. Resolution of 
inflammation: mechanisms and opportunity for drug development. Pharmacol Ther 2013; 139: 
189–212. 10.1016/j.pharmthera.2013.04.006. [PubMed: 23583354] 

42. Chiang N, Fredman G, Bäckhed F, Oh SF, Vickery T, Schmidt BA, Serhan CN. Infection regulates 
pro-resolving mediators that lower antibiotic requirements. Nature 2012; 484: 524–8. 10.1038/
nature11042. [PubMed: 22538616] 

43. Basil MC, Levy BD. Specialized pro-resolving mediators: endogenous regulators of infection and 
inflammation. Nat Rev Immunol 2016; 16: 51–67. 10.1038/nri.2015.4. [PubMed: 26688348] 

44. Newson J, Stables M, Karra E, Arce-Vargas F, Quezada S, Motwani M, Mack M, Yona S, 
Audzevich T, Gilroy DW. Resolution of acute inflammation bridges the gap between innate 
and adaptive immunity. Blood 2014; 124: 1748–64. 10.1182/blood-2014-03-562710. [PubMed: 
25006125] 

45. Norris PC, Libreros S, Chiang N, Serhan CN. A cluster of immunoresolvents links coagulation to 
innate host defense in human blood. Sci Signal 2017; 10. 10.1126/scisignal.aan1471.

46. Cherpokova D, Jouvene CC, Libreros S, DeRoo EP, Chu L, de la Rosa X, Norris PC, Wagner DD, 
Serhan CN. Resolvin D4 attenuates the severity of pathological thrombosis in mice. Blood 2019; 
134: 1458–68. 10.1182/blood.2018886317. [PubMed: 31300403] 

47. Ansari J, Senchenkova EY, Vital SA, Al-Yafeai Z, Kaur G, Sparkenbaugh EM, Orr AW, Pawlinski 
R, Hebbel RP, Granger DN, Kubes P, Gavins FNE. Targeting the AnxA1/Fpr2/ALX pathway 
regulates neutrophil function, promoting thromboinflammation resolution in sickle cell disease. 
Blood 2021; 137: 1538–49. 10.1182/blood.2020009166. [PubMed: 33512489] 

48. Matte A, Recchiuti A, Federti E, Koehl B, Mintz T, El Nemer W, Tharaux PL, Brousse V, Andolfo 
I, Lamolinara A, Weinberg O, Siciliano A, Norris PC, Riley IR, Iolascon A, Serhan CN, Brugnara 
C, De Franceschi L. Resolution of sickle cell disease-associated inflammation and tissue damage 
with 17. Blood 2019; 133: 252–65. 10.1182/blood-2018-07-865378. [PubMed: 30404812] 

49. Arienti S, Barth ND, Dorward DA, Rossi AG, Dransfield I. Regulation of Apoptotic Cell Clearance 
During Resolution of Inflammation. Front Pharmacol 2019; 10: 891. 10.3389/fphar.2019.00891. 
[PubMed: 31456686] 

50. Fond AM, Ravichandran KS. Clearance of Dying Cells by Phagocytes: Mechanisms 
and Implications for Disease Pathogenesis. Adv Exp Med Biol 2016; 930: 25–49. 
10.1007/978-3-319-39406-0_2. [PubMed: 27558816] 

51. Herren T, Burke TA, Jardi M, Felez J, Plow EF. Regulation of plasminogen binding to neutrophils. 
Blood 2001; 97: 1070–8. 10.1182/blood.v97.4.1070. [PubMed: 11159539] 

52. Rosenwald M, Koppe U, Keppeler H, Sauer G, Hennel R, Ernst A, Blume KE, Peter C, Herrmann 
M, Belka C, Schulze-Osthoff K, Wesselborg S, Lauber K. Serum-derived plasminogen is activated 

Perucci et al. Page 14

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by apoptotic cells and promotes their phagocytic clearance. J Immunol 2012; 189: 5722–8. 
10.4049/jimmunol.1200922. [PubMed: 23150713] 

53. Borg RJ, Samson AL, Au AE, Scholzen A, Fuchsberger M, Kong YY, Freeman R, Mifsud NA, 
Plebanski M, Medcalf RL. Dendritic Cell-Mediated Phagocytosis but Not Immune Activation Is 
Enhanced by Plasmin. PLoS One 2015; 10: e0131216. 10.1371/journal.pone.0131216. [PubMed: 
26132730] 

54. Das R, Ganapathy S, Settle M, Plow EF. Plasminogen promotes macrophage phagocytosis in mice. 
Blood 2014; 124: 679–88. 10.1182/blood-2014-01-549659. [PubMed: 24876560] 

55. Sugimoto MA, Ribeiro ALC, Costa BRC, Vago JP, Lima KM, Carneiro FS, Ortiz MMO, Lima 
GLN, Carmo AAF, Rocha RM, Perez DA, Reis AC, Pinho V, Miles LA, Garcia CC, Teixeira 
MM, Sousa LP. Plasmin and plasminogen induce macrophage reprogramming and regulate 
key steps of inflammation resolution via annexin A1. Blood 2017; 129: 2896–907. 10.1182/
blood-2016-09-742825. [PubMed: 28320709] 

56. Vago JP, Sugimoto MA, Lima KM, Negreiros-Lima GL, Baik N, Teixeira MM, Perretti M, Parmer 
RJ, Miles LA, Sousa LP. Plasminogen and the Plasminogen Receptor, Plg-R. Front Immunol 2019; 
10: 1458. 10.3389/fimmu.2019.01458. [PubMed: 31316511] 

57. Vago JP, Zaidan I, Perucci LO, Brito LF, Teixeira LC, Silva CMS, Miranda TC, Melo EM, Bruno 
AS, Queiroz-Junior CM, Sugimoto MA, Tavares LP, Grossi LC, Borges IN, Schneider AH, Baik 
N, Talvani A, Ferreira RG, Alves-Filho JC, Nobre V, Teixeira MM, Parmer RJ, Miles LA, Sousa 
LP. Plasmin and plasminogen prevent sepsis severity by reducing neutrophil extracellular traps and 
systemic inflammation. JCI Insight 2023; 8. 10.1172/jci.insight.166044.

58. Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nat Rev Immunol 
2011; 11: 762–74. 10.1038/nri3070. [PubMed: 21984070] 

59. Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage Polarization: Different Gene 
Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages. 
Front Immunol 2019; 10: 1084. 10.3389/fimmu.2019.01084. [PubMed: 31178859] 

60. Schif-Zuck S, Gross N, Assi S, Rostoker R, Serhan CN, Ariel A. Saturated-efferocytosis generates 
pro-resolving CD11b low macrophages: modulation by resolvins and glucocorticoids. Eur J 
Immunol 2011; 41: 366–79. 10.1002/eji.201040801. [PubMed: 21268007] 

61. Butenko S, Satyanarayanan SK, Assi S, Schif-Zuck S, Sher N, Ariel A. Transcriptomic Analysis 
of Monocyte-Derived Non-Phagocytic Macrophages Favors a Role in Limiting Tissue Repair and 
Fibrosis. Front Immunol 2020; 11: 405. 10.3389/fimmu.2020.00405. [PubMed: 32296415] 

62. Ploplis VA, French EL, Carmeliet P, Collen D, Plow EF. Plasminogen deficiency differentially 
affects recruitment of inflammatory cell populations in mice. Blood 1998; 91: 2005–9. [PubMed: 
9490683] 

63. Carmo AA, Costa BR, Vago JP, de Oliveira LC, Tavares LP, Nogueira CR, Ribeiro AL, Garcia 
CC, Barbosa AS, Brasil BS, Dusse LM, Barcelos LS, Bonjardim CA, Teixeira MM, Sousa LP. 
Plasmin induces in vivo monocyte recruitment through protease-activated receptor-1-, MEK/ERK-, 
and CCR2-mediated signaling. J Immunol 2014; 193: 3654–63. 10.4049/jimmunol.1400334. 
[PubMed: 25165151] 

64. Silva LM, Lum AG, Tran C, Shaw MW, Gao Z, Flick MJ, Moutsopoulos NM, Bugge TH, 
Mullins ES. Plasmin-mediated fibrinolysis enables macrophage migration in a murine model of 
inflammation. Blood 2019; 134: 291–303. 10.1182/blood.2018874859. [PubMed: 31101623] 

65. Lighvani S, Baik N, Diggs JE, Khaldoyanidi S, Parmer RJ, Miles LA. Regulation of macrophage 
migration by a novel plasminogen receptor Plg-R KT. Blood 2011; 118: 5622–30. 10.1182/
blood-2011-03-344242. [PubMed: 21940822] 

66. Andronicos NM, Chen EI, Baik N, Bai H, Parmer CM, Kiosses WB, Kamps MP, Yates 
JR, Parmer RJ, Miles LA. Proteomics-based discovery of a novel, structurally unique, and 
developmentally regulated plasminogen receptor, Plg-RKT, a major regulator of cell surface 
plasminogen activation. Blood 2010; 115: 1319–30. 10.1182/blood-2008-11-188938. [PubMed: 
19897580] 

67. Miles LA, Lighvani S, Baik N, Parmer CM, Khaldoyanidi S, Mueller BM, Parmer RJ. New 
insights into the role of Plg-RKT in macrophage recruitment. Int Rev Cell Mol Biol 2014; 309: 
259–302. 10.1016/B978-0-12-800255-1.00005-3. [PubMed: 24529725] 

Perucci et al. Page 15

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



68. Han J, Baik N, Kim KH, Yang JM, Han GW, Gong Y, Jardí M, Castellino FJ, Felez J, Parmer 
RJ, Miles LA. Monoclonal antibodies detect receptor-induced binding sites in Glu-plasminogen. 
Blood 2011; 118: 1653–62. 10.1182/blood-2010-11-316943. [PubMed: 21680799] 

69. Serbina NV, Pamer EG. Monocyte emigration from bone marrow during bacterial infection 
requires signals mediated by chemokine receptor CCR2. Nat Immunol 2006; 7: 311–7. 10.1038/
ni1309. [PubMed: 16462739] 

70. Motley MP, Madsen DH, Jürgensen HJ, Spencer DE, Szabo R, Holmbeck K, Flick MJ, Lawrence 
DA, Castellino FJ, Weigert R, Bugge TH. A CCR2 macrophage endocytic pathway mediates 
extravascular fibrin clearance in vivo. Blood 2016; 127: 1085–96. 10.1182/blood-2015-05-644260. 
[PubMed: 26647393] 

71. Iwaki T, Malinverno C, Smith D, Xu Z, Liang Z, Ploplis VA, Castellino FJ. The generation and 
characterization of mice expressing a plasmin-inactivating active site mutation. J Thromb Haemost 
2010; 8: 2341–4. 10.1111/j.1538-7836.2010.03995.x. [PubMed: 20653841] 

72. Gong Y, Hart E, Shchurin A, Hoover-Plow J. Inflammatory macrophage migration requires 
MMP-9 activation by plasminogen in mice. J Clin Invest 2008; 118: 3012–24. 10.1172/JCI32750. 
[PubMed: 18677407] 

73. Thaler B, Baik N, Hohensinner PJ, Baumgartner J, Panzenböck A, Stojkovic S, Demyanets S, 
Huk I, Rega-Kaun G, Kaun C, Prager M, Fischer MB, Huber K, Speidl WS, Parmer RJ, Miles 
LA, Wojta J. Differential expression of Plg-RKT and its effects on migration of proinflammatory 
monocyte and macrophage subsets. Blood 2019; 134: 561–7. 10.1182/blood.2018850420. 
[PubMed: 31221672] 

74. Burysek L, Syrovets T, Simmet T. The serine protease plasmin triggers expression of MCP-1 and 
CD40 in human primary monocytes via activation of p38 MAPK and janus kinase (JAK)/STAT 
signaling pathways. J Biol Chem 2002; 277: 33509–17. 10.1074/jbc.M201941200. [PubMed: 
12093796] 

75. Guo Y, Li J, Hagström E, Ny T. Beneficial and detrimental effects of plasmin(ogen) during 
infection and sepsis in mice. PLoS One 2011; 6: e24774. 10.1371/journal.pone.0024774. 
[PubMed: 21931850] 

76. Genua M, D’Alessio S, Cibella J, Gandelli A, Sala E, Correale C, Spinelli A, Arena V, Malesci 
A, Rutella S, Ploplis VA, Vetrano S, Danese S. The urokinase plasminogen activator receptor 
(uPAR) controls macrophage phagocytosis in intestinal inflammation. Gut 2015; 64: 589–600. 
10.1136/gutjnl-2013-305933. [PubMed: 24848264] 

77. Kanno Y, Miyashita M, Seishima M, Matsuo O. α2AP is associated with the development of 
lupus nephritis through the regulation of plasmin inhibition and inflammatory responses. Immun 
Inflamm Dis 2020; 8: 267–78. 10.1002/iid3.302. [PubMed: 32237065] 

78. Fuster JJ, Walsh K. The good, the bad, and the ugly of interleukin-6 signaling. EMBO J 2014; 33: 
1425–7. 10.15252/embj.201488856. [PubMed: 24850773] 

79. Mehta JL, Mehta P, Lawson DL, Herzbrun L. Tissue plasminogen activator and 
plasmin independently decrease human neutrophil activation. Life Sci 1989; 45: 1665–9. 
10.1016/0024-3205(89)90276-2. [PubMed: 2555642] 

80. Weide I, Tippler B, Syrovets T, Simmet T. Plasmin is a specific stimulus of the 5-lipoxygenase 
pathway of human peripheral monocytes. Thromb Haemost 1996; 76: 561–8. [PubMed: 8902997] 

81. Bauman KA, Wettlaufer SH, Okunishi K, Vannella KM, Stoolman JS, Huang SK, Courey AJ, 
White ES, Hogaboam CM, Simon RH, Toews GB, Sisson TH, Moore BB, Peters-Golden M. The 
antifibrotic effects of plasminogen activation occur via prostaglandin E2 synthesis in humans and 
mice. J Clin Invest 2010; 120: 1950–60. 10.1172/JCI38369. [PubMed: 20501949] 

82. Shimazu H, Munakata S, Tashiro Y, Salama Y, Dhahri D, Eiamboonsert S, Ota Y, Onoda H, Tsuda 
Y, Okada Y, Nakauchi H, Heissig B, Hattori K. Pharmacological targeting of plasmin prevents 
lethality in a murine model of macrophage activation syndrome. Blood 2017; 130: 59–72. 10.1182/
blood-2016-09-738096. [PubMed: 28325863] 

83. Sato A, Nishida C, Sato-Kusubata K, Ishihara M, Tashiro Y, Gritli I, Shimazu H, Munakata 
S, Yagita H, Okumura K, Tsuda Y, Okada Y, Tojo A, Nakauchi H, Takahashi S, Heissig B, 
Hattori K. Inhibition of plasmin attenuates murine acute graft-versus-host disease mortality by 
suppressing the matrix metalloproteinase-9-dependent inflammatory cytokine storm and effector 
cell trafficking. Leukemia 2015; 29: 145–56. 10.1038/leu.2014.151. [PubMed: 24791857] 

Perucci et al. Page 16

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



84. McArthur S, Juban G, Gobbetti T, Desgeorges T, Theret M, Gondin J, Toller-Kawahisa JE, 
Reutelingsperger CP, Chazaud B, Perretti M, Mounier R. Annexin A1 drives macrophage skewing 
to accelerate muscle regeneration through AMPK activation. J Clin Invest 2020; 130: 1156–67. 
10.1172/JCI124635. [PubMed: 32015229] 

85. Zhao QX, Wang YH, Wang SC, Xue S, Cao ZX, Sun T. Protectin DX Attenuates Lumbar 
Radicular Pain of Non-compressive Disc Herniation by Autophagy Flux Stimulation. Front 
Physiol 2021; 12: 784653. 10.3389/fphys.2021.784653. [PubMed: 35069245] 

86. Gilligan MM, Gartung A, Sulciner ML, Norris PC, Sukhatme VP, Bielenberg DR, Huang S, Kieran 
MW, Serhan CN, Panigrahy D. Aspirin-triggered proresolving mediators stimulate resolution in 
cancer. Proc Natl Acad Sci U S A 2019; 116: 6292–7. 10.1073/pnas.1804000116. [PubMed: 
30862734] 

87. Silva LM, Doyle AD, Greenwell-Wild T, Dutzan N, Tran CL, Abusleme L, Juang LJ, Leung J, 
Chun EM, Lum AG, Agler CS, Zuazo CE, Sibree M, Jani P, Kram V, Martin D, Moss K, Lionakis 
MS, Castellino FJ, Kastrup CJ, Flick MJ, Divaris K, Bugge TH, Moutsopoulos NM. Fibrin is a 
critical regulator of neutrophil effector function at the oral mucosal barrier. Science 2021; 374: 
eabl5450. 10.1126/science.abl5450. [PubMed: 34941394] 

88. Mantuano E, Azmoon P, Brifault C, Banki MA, Gilder AS, Campana WM, Gonias SL. Tissue-type 
plasminogen activator regulates macrophage activation and innate immunity. Blood 2017; 130: 
1364–74. 10.1182/blood-2017-04-780205. [PubMed: 28684538] 

89. Chiang N, Sakuma M, Rodriguez AR, Spur BW, Irimia D, Serhan CN. Resolvin T-series reduce 
neutrophil extracellular traps. Blood 2022; 139: 1222–33. 10.1182/blood.2021013422. [PubMed: 
34814186] 

90. Cruz DBD, Helms J, Aquino LR, Stiel L, Cougourdan L, Broussard C, Chafey P, Riès-Kautt M, 
Meziani F, Toti F, Gaussem P, Anglés-Cano E. DNA-bound elastase of neutrophil extracellular 
traps degrades plasminogen, reduces plasmin formation, and decreases fibrinolysis: proof of 
concept in septic shock plasma. FASEB J 2019; 33: 14270–80. 10.1096/fj.201901363RRR. 
[PubMed: 31682515] 

91. Schmitt FCF, Manolov V, Morgenstern J, Fleming T, Heitmeier S, Uhle F, Al-Saeedi M, Hackert 
T, Bruckner T, Schöchl H, Weigand MA, Hofer S, Brenner T. Acute fibrinolysis shutdown occurs 
early in septic shock and is associated with increased morbidity and mortality: results of an 
observational pilot study. Ann Intensive Care 2019; 9: 19. 10.1186/s13613-019-0499-6. [PubMed: 
30701381] 

92. Della-Morte D, Pacifici F, Ricordi C, Massoud R, Rovella V, Proietti S, Iozzo M, Lauro D, 
Bernardini S, Bonassi S, Di Daniele N. Low level of plasminogen increases risk for mortality 
in COVID-19 patients. Cell Death Dis 2021; 12: 773. 10.1038/s41419-021-04070-3. [PubMed: 
34354045] 

93. Gibson BHY, Wollenman CC, Moore-Lotridge SN, Keller PR, Summitt JB, Revenko AR, Flick 
MJ, Blackwell TS, Schoenecker JG. Plasmin drives burn-induced systemic inflammatory response 
syndrome. JCI Insight 2021; 6. 10.1172/jci.insight.154439.

94. Miszta A, Kopec AK, Pant A, Holle LA, Byrnes JR, Lawrence DA, Hansen KC, Flick 
MJ, Luyendyk JP, de Laat B, Wolberg AS. A high-fat diet delays plasmin generation 
in a thrombomodulin-dependent manner in mice. Blood 2020; 135: 1704–17. 10.1182/
blood.2019004267. [PubMed: 32315384] 

95. Baker SK, Strickland S. A critical role for plasminogen in inflammation. J Exp Med 2020; 217. 
10.1084/jem.20191865.

96. Wu Y, Wang T, Guo C, Zhang D, Ge X, Huang Z, Zhou X, Li Y, Peng Q, Li J. Plasminogen 
improves lung lesions and hypoxemia in patients with COVID-19. QJM 2020; 113: 539–45. 
10.1093/qjmed/hcaa121. [PubMed: 32275753] 

97. Cointe S, Vallier L, Esnault P, Dacos M, Bonifay A, Macagno N, Harti Souab K, Chareyre C, 
Judicone C, Frankel D, Robert S, Hraiech S, Alessi MC, Poncelet P, Albanese J, Dignat-George F, 
Lacroix R. Granulocyte microvesicles with a high plasmin generation capacity promote clot lysis 
and improve outcome in septic shock. Blood 2022; 139: 2377–91. 10.1182/blood.2021013328. 
[PubMed: 35026004] 

98. Fallah M, Viklund E, Bäckman A, Brodén J, Lundskog B, Johansson M, Blomquist M, Wilczynska 
M, Ny T. Plasminogen is a master regulator and a potential drug candidate for the healing 

Perucci et al. Page 17

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of radiation wounds. Cell Death Dis 2020; 11: 201. 10.1038/s41419-020-2397-0. [PubMed: 
32205839] 

99. Aamir R, Fyffe C, Korin N, Lawrence DA, Su EJ, Kanapathipillai M. Heparin and Arginine 
Based Plasmin Nanoformulation for Ischemic Stroke Therapy. Int J Mol Sci 2021; 22. 10.3390/
ijms222111477.

100. Kandadai MA, Meunier JM, Hart K, Holland CK, Shaw GJ. Plasmin-loaded echogenic 
liposomes for ultrasound-mediated thrombolysis. Transl Stroke Res 2015; 6: 78–87. 10.1007/
s12975-014-0376-4. [PubMed: 25411015] 

Perucci et al. Page 18

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Sequential events during self-resolving inflammation and the role of Plg/Pla in key 
events.
At the onset of the inflammatory response resident cells sense the inciting stimulus, 

become activated and, in turn, produce and release soluble pro-inflammatory mediators 

(1). Changes in the microvasculature and increased levels of chemoattractants in the 

tissue favor the influx of PMNs from circulation to the inflammatory site, followed 

by monocytes/macrophages (2). Infiltrating leukocytes perform their effector functions 

in infected/injured tissue, including phagocytosis of microorganisms and NETs release 

(3) in order to pathogen elimination. The resolution of inflammation is characterized 

by the catabolism of pro-inflammatory mediators and shutdown of pro-inflammatory 

signaling pathways (4) alongside production of pro-resolving mediators (e.g. Annexin 

A1 and SPMs) (5). This milieu favors neutrophil apoptosis (6) and their further removal 

by efferocytosis (7). Efferocytosis reprograms pro-inflammatory M1 macrophages toward 

regulatory/resolving phenotypes (e.g. M2/Mres) (8), which amplify the resolution process by 

additional production of pro-resolving molecules (5). Additional recruitment of monocytes 

in a nonphlogistic manner (9) amplifies the clearance of apoptotic cells (7) and debris (e.g. 

fibrin, necrotic cells remains) (10). The migrated leukocytes leave the tissue drained by 

lymphatic vessels (11). The tissue is repopulated by adaptive immune cells, which command 

the magnitude of a subsequent immune response, e.g. caused by a secondary inciting agent 

(12). Curved green arrows indicate events induced by Plg/Pla. Red question markers indicate 

specific process that Pla-protease activity needs to be covered. Created with BioRender®.
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Figure 2. Key findings of the effects of plasminogen/plasmin and Plg-RKT in apoptosis and 
efferocytosis.
Created with BioRender®.
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Figure 3. The role of plasminogen/plasmin and Plg-RKT on mononuclear cell recruitment and 
macrophage polarization.
Created with BioRender®.

Perucci et al. Page 21

J Thromb Haemost. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Effect of plasminogen/plasmin in features of neutrophils: recruitment and NETs 
release.
Created with BioRender®.
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Table 1:

Effects of plasminogen/plasmin on the production of mediators of inflammation/resolution. ↓ = 

decreased protein levels or RNA expression; ↑ = increased protein levels or RNA expression; AnxA1 = 

Annexin A1; LTB4 = leukotriene B4; Plg−/− = Plg knockout mice; Plg/Pla = Plasminogen or Plasmin 

exogenously administered in vivo or in vitro stimulation.

Pro-inflammatory mediators Anti-inflammatory / pro-resolving mediators

Plg/Pla

↓ TNF [56, 77, 98]
↓ CXCL1 [57, 98]
↓ IL1-β [77, 98]
↓ IL-6 [57, 98]
↓ LTB4 and superoxide radical release [79]

↑ IL-10 [55, 56]
↑ TGF-β [53, 55, 56]
↑ AnxA1 [55]

Plg−/− ↑ IL-6 [57]
↑ CXCL1 [57, 87]

↓ IL-10 [56]
↓ AnxA1 [56]
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