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Abstract
The musculoskeletal system is critical for movement and the protection of organs. In 
addition to abrupt injuries, daily physical demands inflict minor injuries, necessitat-
ing a coordinated process of repair referred to as the acute-phase response (APR). 
Dysfunctional APRs caused by severe injuries or underlying chronic diseases are 
implicated in pathologic musculoskeletal repair, resulting in decreased mobility and 
chronic pain. The molecular mechanisms behind these phenomena are not well un-
derstood, hindering the development of clinical solutions. Recent studies indicate 
that, in addition to regulating intravascular clotting, the coagulation and fibrinolytic 
systems are also entrenched in tissue repair. Although plasmin and fibrin are consid-
ered antithetical to one another in the context of hemostasis, in a proper APR, they 
complement one another within a coordinated spatiotemporal framework. Once a 
wound is contained by fibrin, activation of plasmin promotes the removal of fibrin 
and stimulates angiogenesis, tissue remodeling, and tissue regeneration. Insufficient 
fibrin deposition or excessive plasmin-mediated fibrinolysis in early convalescence 
prevents injury containment, causing bleeding. Alternatively, excess fibrin deposition 
and/or inefficient plasmin activity later in convalescence impairs musculoskeletal re-
pair, resulting in tissue fibrosis and osteoporosis, while inappropriate fibrin or plasmin 
activity in a synovial joint can cause arthritis. Together, these pathologic conditions 
lead to chronic pain, poor mobility, and diminished quality of life. In this review, we 
discuss both fibrin-dependent and -independent roles of plasminogen activation in 
the musculoskeletal APR, how dysregulation of these mechanisms promote musculo-
skeletal degeneration, and the possibility of therapeutically manipulating plasmin or 
fibrin to treat musculoskeletal disease.
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Essentials

• Musculoskeletal disease results in pain and poor mobility with limited treatment options.
• Beyond clot degredation, plasmin is essential for musculoskeletal health.
• Inappropriate plasmin activity in disease can drive musculoskeletal degeneration.
• The plasminogen activation system presents new potential targets to treat musculoskeletal disease.

1  | INTRODUCTION

The musculoskeletal system serves primarily to counteract gravity, 
protect vital structures, and allow locomotion. These functions rely 
on the synergistic interactions of bones and muscles. Muscles attach 
to bones through tendons and lever them through bone articula-
tions, or joints.1–3 Additionally, the musculoskeletal system serves as 
a primary hematopoietic center and a systemic regulator of essential 
minerals, including calcium and phosphate.1,2 Proper function and 
maintenance of the musculoskeletal system is therefore essential for 
these processes.

The musculoskeletal system is repeatedly injured as the physical 
demands of daily life outweigh the capacity of the tissue to absorb 
strain.4 Injuries to the musculoskeletal system differ in nature, sever-
ity, and immediate impact but can all lead to chronic complications 
without timely repair.3-5 For instance, everyday engagement of the 
musculoskeletal system results in daily microinjuries, instigating re-
parative processes imperceptible to the individual.3,6 Alternatively, a 
significant acute injury, such as a muscle tear or a bone fracture, im-
mediately obviates limb or organ function until function is restored.6 
When musculoskeletal injuries occur in the context of disease, the 
mechanisms of repair are compromised, and debilitating complica-
tions persist. For example, inflammatory diseases, such as diabetes, 
obesity, and autoimmune conditions, in addition to natural aging, 
result in the loss of muscle (sarcopenia) and bone (osteopenia) as 
a result of unresolved daily microinjuries.5,7-10 Unresolved injuries 
or degenerative diseases of the musculoskeletal system cause poor 
range of motion, chronic pain, and loss of limb function, ultimately 
resulting in significant disability.11-13 In the United States, musculo-
skeletal disease or injury affects 1 of every 2 people over the age of 
18 and accounts for approximately two thirds of the 68,000 disease 
conditions listed in the International Classification of Diseases, 10th 
Revision (ICD-10).9,14 Therefore, both acute and chronic damage to 
the musculoskeletal system requires effective and timely repair to 
preserve function and quality of life.

2  | COAGULATION IS CRITICAL 
FOR MUSCULOSKELETAL INTEGRITY 
AND REPAIR

The high physical demands of the musculoskeletal system require 
an abundant supply of energy. Consequently, musculoskeletal tis-
sues are highly vascularized.1,3 Regardless of the severity, injuries 
to musculoskeletal tissue result in the activation of coagulation and 

fibrinolytic factors that promote the formation and degradation of 
fibrin for the primary purpose of hemostasis.3,5,15 However, discov-
eries over the past 2 decades clearly indicate that the roles of the co-
agulation and fibrinolytic systems in musculoskeletal injury extend 
beyond their canonical roles in hemostasis to include proper repair 
and regeneration of tissues.3,4,16 This review summarizes current 
knowledge on the roles of fibrin and the fibrin-dependent and -in-
dependent roles of plasmin in musculoskeletal repair and degenera-
tion, highlighting the temporal-spatial context of their functions and 
considerations for pharmacologic manipulation of each.

3  | PLASMIN AND THE ACUTE-
PHASE RESPONSE

The enzyme plasmin, classically known for its ability to maintain 
blood flow by cleaving fibrin and breaking down intravascular clots or 
thrombi, is also essential for tissue repair through both fibrin-depend-
ent and -independent mechanisms.17-21 Since the first observations 
of plasmin activity by John Hunter and Giovanni Morgagni in the late 
1700s22,23 and Albert Dastre in 1893,22,24 the fibrinolytic properties of 
plasmin have been recognized as both dangerous and beneficial based 
on context. Consequently, plasmin has been inhibited by antifibrino-
lytic drugs to prevent blood loss during trauma or harnessed through 
administration of its activator, tissue-type plasminogen activator (t-PA) 
for thrombolysis in patients with ischemic stroke.22,25-27 In recent dec-
ades, additional plasmin functions have been documented that extend 
beyond fibrinolysis and include promotion of angiogenesis, chemot-
axis, hematopoiesis, and cellular differentiation,28-32 revealing an es-
sential role in musculoskeletal repair and maintenance. Importantly, 
because of these diverse functions, plasminogen activation requires 
tight regulation based on spatiotemporal context following injury.

Following an acute injury to musculoskeletal tissues, the body 
must rapidly respond to resolve bleeding, risk of infection, and tis-
sue hypoxia.3,15,33 To manage these afflictions, a systemic response 
known as the acute-phase response (APR) is initiated.34,35 The APR 
can be segregated into 2 phenotypically distinct phases: survival and 
repair. In the survival phase, coagulation system activation prevents 
bleeding and restores hemostasis. Simultaneously, an acute inflam-
matory response functions to prevent infection, effectively contain-
ing the initial damage3,15 (Figure 1A). During survival APR, fibrin is 
deposited in both the intra- and extravascular spaces.15 Intravascular 
fibrin stabilizes clots to prevent bleeding, and extravascular fibrin is 
deposited within injured tissues to form a temporary matrix that pre-
vents pathogen invasion and absorbs strain.3,15 Once the temporary 
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or provisional fibrin matrix is in place and survival is ensured, the 
body transitions into the repair APR. Locally generated plasmin is 
critical during the repair phase to clear fibrin and initiate both the 

resolution of hypoxia and restoration of tissue function.17,29,36 First, 
plasmin degrades deposited fibrin and stimulates a reparative inflam-
matory response to promote the removal of damaged and necrotic 

F I G U R E  1   (A) Following an isolated injury to the musculoskeletal system, the survival phase of the acute-phase response (APR) exists to 
contain the injury by activating coagulation and the innate immune system to prevent bleeding and infection, respectively. During survival 
APR, thrombin-mediated fibrin formation and survival inflammation fuel one another (black arrows) to effectively contain damage and prime 
the tissue for reparative cells and proteases. (B) Once the injury is contained, the body enters the repair phase of the APR, during which 
plasmin is activated to remove fibrin deposited during survival, promote macrophage function, and to stimulate matrix remodeling and 
angiogenesis (black arrows). A normal APR resolves the injury without complications. (C) A severe or traumatic injury provokes a pathologic 
APR in which plasmin is activated during survival causing bleeding complications, or it is shut down, increasing risk of thrombosis and (D) 
provoking persistent fibrin deposition and poor tissue repair later in convalescence. Modified from Figure 1 of 3
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tissue.37,38 Once the fibrin and damaged tissues are removed, plas-
min activity continues in the damaged zone to promote angiogenesis 
or revascularization to help prevent sustained tissue hypoxia.29,39 
Additionally, the plasmin-dependent release of growth factors con-
tributes to remodeling and cellular regeneration, restoring function 
to the injured tissue32,40 (Figure 1B). Effective tissue repair is depen-
dent upon a coordinated sequence of fibrin deposition and plasmin 
activation, with a specific timing, location, and magnitude for each. 
Conversely, an imbalance of these elements in the musculoskeletal 
system can prevent repair following injury and drive degeneration of 
these tissues in disease conditions (Figure 2).

The diverse functions of plasmin make it both essential and dan-
gerous, depending on the context. Many diseases pathologically 
alter plasmin’s functions, causing both acute and chronic complica-
tions due to an excess or lack of plasmin activity.33,41 Excess plasmin 
activity, either locally or systemically, can exacerbate a plethora of 
disease conditions. For example, traumatic injuries and invasive sur-
geries provoke systemic plasmin activation during the survival phase 
of the APR, causing aggressive fibrinolysis at the site of injury and 
subsequent bleeding complications25,42-44 (Figure 1C). Interestingly, 
more recent research in trauma has suggested that reduced fibri-
nolysis based on thromboelastography is associated with poor out-
comes, including thrombosis and organ dysfunction.43,44 However, 
it is unclear if this suggested change in fibrinolysis and possible 

change in plasmin activity is a causative factor in these outcomes 
or if it reflects the general dysfunction in inflammation, coagulation, 
and fibrinolysis that occurs following traumatic injuries (Figure 1D). 
Furthermore, diseases including infection, diabetes, cancer, and au-
toimmune disorders have reported pathologic changes in plasmin 
activity and/or function.33,40,41,45 Therefore, while plasmin is es-
sential for proper tissue repair, inappropriate plasmin activity can 
greatly exacerbate pathology in disease conditions.

4  | PLASMIN AND FIBRIN IN 
SKELETAL REPAIR

Following a musculoskeletal injury, such as a fracture, thrombin is 
activated at the site of injury to form a fibrin and platelet sealant that 
both prevents blood loss and provides a temporary matrix to absorb 
the strain of the injury.15 Neutrophils are recruited to the fracture, 
where they deposit neutrophil extracellular traps (NETs) that bol-
ster the fibrin matrix against sterile and nonsterile pathology.46 In 
addition to protecting against microbial invasion, neutrophils also 
function to promote to tissue repair by augmenting localized inflam-
mation at the site of injury.46-48 Following fibrin deposition and neu-
trophil activation, infiltrating macrophages present heterodimeric 
αMβ2 integrin on their surface that stimulates an acute inflammatory 

F I G U R E  2   (A) Physiologic 
musculoskeletal health results in effective 
muscle and fracture repair (yellow 
arrows). (B) Pathologic musculoskeletal 
repair may result in poor fracture repair, 
including fracture nonunion (yellow 
arrows), and poor muscle repair, including 
bone formation in muscle (heterotopic 
ossification-red arrows). Physiologic 
maintenance of musculoskeletal organs 
promotes healthy bone (C) and joints 
(E), while pathologic musculoskeletal 
maintenance and inflammation provoke 
degenerative disease, including significant 
bone loss (osteoporosis) (D) and arthritis 
(F). Images shown are from healthy and 
diseased mouse tissues
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response upon binding fibrin.49 αMβ2 integrin activation stimulates 
the production of inflammatory cytokines, including interleukin 
(IL)-1β, IL-6, and tumor necrosis factor-α (TNF-α), promoting fur-
ther recruitment and activation of proinflammatory, antimicrobial 
(M1) macrophages at the site of the injury.49-51 Plasminogen bound 
to both fibrin at the site of the fracture and immobilized on the 
cell surface of infiltrating macrophages is activated to plasmin.3,19 
Plasmin facilitates the transition to the repair phase by removing 
provisional fibrin matrices and stimulating reparative, anti-inflam-
matory macrophage function.37,52,53 While its role in NET removal 
remains unclear, plasmin is present in NET matrices and degrades 
proteins in both NETs and protein aggregates presented on the 
surface of necrotic cells.48,54-56 Plasmin has been shown to repro-
gram macrophages from a proinflammatory (M1) phenotype, to an 
anti-inflammatory, reparative (M2) phenotype57,58 and to stimulate 
chemotaxis and efferocytosis37,59 in these macrophages. A number 
of reports have implicated both the interaction of plasmin(ogen) 
with the PlgRKT receptor and α-enolase and plasmin-mediated ac-
tivation of the protease-activated receptor-1 (PAR1) as being criti-
cal for plasmin-mediated macrophage function.28,58-60 Specifically, 
plasmin activation of PAR1 and coreceptors, including integrin α9β1, 
on macrophages initiates extracellular signal-related kinase (ERK1/2) 
signaling and expression of chemokine (C-C motif) ligand 2, aug-
menting phagocytosis and macrophage migration at the site of tis-
sue injury.28,61 Plasminogen binding to PlgRKT facilitates activation 
of plasmin on the surface of macrophages, leading to activation of 
pro-MMP9 to promote macrophage migration.62 In contrast, plasmin 
increases phagocytosis but inhibits production of inflammatory cy-
tokines and cell migration in dendritic cells, providing an alternative 
proreparative, anti-inflammatory effect of plasmin on phagocytic 
cells.63 However, one recent study demonstrated that fibrinolysis 
itself enhances macrophage ingress and egress by preventing mac-
rophage tethering to fibrin through αMβ2 binding.64 In addition, the 
plasminogen activators t-PA and urokinase plasminogen activator 
(u-PA) bind to the annexin A2/S100A10 heterotetrameric complex 
and the u-PA receptor (u-PAR), respectively, to facilitate activation 
of plasmin on the surface of macrophages and damaged cells.65-67 
Reparative macrophages remove necrotic tissue and fibrin degrada-
tion products,68,69 while facilitating the migration of mesenchymal 
stem cells.70 As plasmin and macrophages remove the fibrin and 
dead or necrotic tissue, plasmin activates pro-MMP9 and vascular 
endothelial growth factor A (VEGF-A) at the site of the fracture to 
stimulate matrix remodeling and angiogenesis, respectively.29,39 
With the damaged tissue cleared of fibrin and remodeled, angiogen-
esis restores the vascularity disrupted by the fracture, allowing bone 
to form around the fracture site. Within weeks to months, the newly 
formed bone is remodeled into strong, functional bone capable of 
withstanding significant force3,5 (Figure 2A). Therefore, plasmin 
provokes a reparative response from macrophages through fibrin-
dependent and -independent mechanisms.

Animal models of fracture have revealed the specific roles for 
both coagulation and fibrinolysis in fracture repair.5,19 While it 
was widely presumed that fibrin is essential for fracture repair,71 

fibrinogen-deficient (FBG-/-) mice maintained the ability to heal a 
fracture normally, despite significantly more fracture-related blood 
loss. In contrast, plasminogen-deficient (PLG−/−) mice, which are un-
able to clear fibrin from the injury site, had poor fracture repair in 
both drill hole and femur fracture murine models of bone injury. In 
the drill hole model, PLG-/- mice had reduced cartilage matrix and 
bone formation at the site of injury.21 Similarly, in a transverse femur 
fracture model with significantly more bone and vascular disrup-
tion than the drill hole model, PLG-/- mice had little to no bridging 
of vascularity across the fracture callus.19 Without union of vas-
cularity across a fracture callus, the bone does not unite, referred 
to as a nonunion, or remodel3,5,16,19 (Figure 2B). Collectively, the 
phenotypes displayed by fibrin and plasmin-deficient animals after 
injury confirm the temporal nature of fibrin and plasmin’s respec-
tive roles in healing: Fibrin is critical for the initial containment of 
the injury through hemostasis, while plasmin is essential later during 
bone repair. These studies, however, are incapable of resolving the 
fibrin-dependent and fibrin-independent nature of plasmin’s role in 
skeletal repair. To answer this question, our lab has demonstrated 
that fibrinogen deficiency partially restores the normal sequence of 
fracture repair in PLG−/− mice. Specifically, fibrinogen deficiency in 
PLG−/− mice resulted in increased angiogenesis and the restoration 
of bone union at the site of fracture.19 These data are consistent with 
studies suggesting fibrin-independent roles for plasmin in fracture 
repair, but also clearly demonstrate that a principal role of plasmin is 
the removal of fibrin.

Studies segregating t-PA– and u-PA–dependent plasminogen 
activation suggest that their roles in fracture repair may be nonre-
dundant. Fractures in u-PA–deficient (u-PA−/−) mice exhibit poor 
remodeling and large callus formation due to poor macrophage mi-
gration and vascular bridging at the site of the fracture,53,72 similar 
to PLG−/− animals. t-PA–deficient (t-PA−/−) mice, on the other hand, 
exhibited only a delay in fracture repair. This delay was attributed 
to reduced proliferation of the bone-forming cells, osteoblasts, due 
to a lack of plasmin-mediated activation of the ERK1/2 pathway.73 
Moreover, t-PA has been found to induce hypoxia-inducible factor 
1α and VEGF-A activity at the fracture site, increasing the rate of 
neovascularization during repair.73 No such function has been de-
scribed for u-PA.

5  | PLASMIN AND FIBRIN IN 
MUSCLE REPAIR

Plasmin is also critical for proper muscle repair and regenera-
tion.20,32,74 Consistent with a normal APR, fibrin is deposited during 
survival to contain the zone of injury, and it is removed during the 
repair phase for regeneration to occur.20,32 Work from the Muñoz-
Cánoves lab demonstrated that plasmin activity peaks in injured 
muscle within 3-5 days of the injury to remove fibrin and necrotic 
tissue and to regenerate new muscle.32,75 Activated plasmin re-
moves fibrin and signals through M2 macrophages to promote the 
removal of necrotic tissue.57,58,68 Once the provisional fibrin matrix 
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and necrotic debris is removed, plasmin proteolytically activates 
growth factors and proregenerative factors (ie, VEGF-A, pro-MMPs, 
etc) released from surrounding, regenerating muscle cells to remodel 
and revascularize the zone of injury.29,39 In the presence of adequate 
blood supply and an acute, localized inflammatory response, cells 
surrounding the injury regenerate, and satellite stem cells differen-
tiate into functional myotubes to replace the area of damage.20,32 
As in bone repair, t-PA and u-PA do not function interchangeably 
in muscle repair. Studies of plasmin activity in both cardiotoxin and 
freeze-crush models of muscle injury have demonstrated that u-PA 
activity increases in the muscle following injury, while there is little 
change in t-PA activity.32,75 Furthermore, in vivo muscle repair and 
in vitro myogenesis are dependent on u-PA– but not t-PA–mediated 
plasmin activation.75

A failure of coordinated repair in muscle results in a persistent 
state of tissue strain, hypoxia, and inflammation.12 These chronic 
complications, including the development of muscle fibrosis, muscle 
calcification, and sarcopenia, can cause significant pain and perma-
nent loss of muscle function in patients.12,76,77 Animal studies have 
demonstrated that a plasmin deficiency causes ineffective mac-
rophage infiltration and function, persistent fibrin deposition, and 
chronic inflammation of injured tissues.57,58,62,64,78 In a muscle injury 
specifically, the absence of plasmin results in fibrosis, skeletal mus-
cle calcification, and bone formation within injured muscle, better 
known as heterotopic ossification (HO) (Figure 2B).20,75 As little as 
a 50% deficiency in plasminogen and plasmin activity is sufficient 
to drive calcification of skeletal muscle in mice following injury and 
the development of HO.20 These studies suggest the possibility that 
deficiencies in plasmin activity routinely encountered in the clinic, 
such as those observed in trauma patients, may be sufficient to 
drive pathologic repair of injured muscle.19,20 These data establish 
a paradox for plasmin’s role in musculoskeletal repair. The role of 
plasmin in mineralization appears to be tissue specific: Within the 
context of bone, plasmin is essential for bone formation,19,21 but in 
skeletal muscle, plasmin activity prevents bone formation (HO).20 
Interestingly, unlike in bone repair, fibrin(ogen) deficiency improves 
macrophage migration and prevents fibrosis in injured muscle, but it 
is insufficient to completely restore muscle repair in PLG−/− mice.20 

Therefore, plasmin mediates muscle repair through both fibrin-de-
pendent and -independent mechanisms.

6  | MUSCULOSKELETAL DEGENERATION: 
A “CHRONIC WOUND”

Like the repair of an acute injury, maintenance of musculoskel-
etal tissue function throughout life requires a delicate balance 
between fibrin and plasmin. Healthy bones and joints should not 
contain a significant amount of fibrin, given that the tissue is not 
damaged and therefore does not require hemostasis. In certain 
inflammatory diseases, such as diabetes and autoimmune condi-
tions, and during aging, the spatiotemporal regulation of fibrin 
formation and plasmin activation is often disrupted.10,45,50,79 In 
conditions of poor plasmin activity or excess activation of coagu-
lation, fibrin is deposited throughout tissues, provoking localized 
survival APR inflammation and constant tissue remodeling.7,45,50 
Consequently, daily microinjuries provoke a persistent cycle of the 
APR that ultimately leads to musculoskeletal degeneration rather 
than repair (Figure 3).

7  | FIBRIN ACCUMULATION IN 
BONE DEGENERATION

Osteoporosis is the debilitating loss of bone resulting in significant 
costs in both health care expenses and quality of life (Figure 2D). 
In the United States, osteoporosis afflicts over 10 million individu-
als, increasing their risk of fractures and loss of mobility.7,14 Age, 
sex, and body mass index are all factors in the risk of developing 
osteoporosis.7,9 Inflammation and uncontrolled bone resorption 
are current therapeutic targets for this disease, but recent data 
suggest that fibrin may be an initiator of these pathologies, mak-
ing it a more efficacious target.50 Studies in PLG-/--deficient mice 
have demonstrated that the absence of plasmin activity drives the 
deposition of fibrin in bone.50 Further, fibrin in bone activates resi-
dent macrophages through binding the αMβ2 integrin, stimulating 

F I G U R E  3   In chronic inflammatory 
conditions and aging, microinjuries 
sustained during daily movement trigger 
a persistent APR cycle in which fibrin 
deposition and plasmin activation 
are dysregulated in musculoskeletal 
tissues. The consequence of this cyclical 
acute-phase response (APR) is chronic 
inflammation, inappropriate tissue 
remodeling, and ultimately, degeneration 
of the musculoskeletal tissues. Recurring 
fibrin deposition and inflammation 
positively feedback upon one another 
(black arrow), furthering tissue 
degeneration
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local production of IL-6, IL-1β, and TNF-α. These inflammatory cy-
tokines work synergistically with one remodeling protein,receptor 
activator of nuclear factor κB ligand (RANKL) to stimulate the pro-
liferation and differentiation of bone-resorbing osteoclasts.49,50 
The net effect of this is increased bone resorption, resulting in 
decreased bone mass (osteopenia) and bone degeneration (osteo-
porosis). Consequently, the genetic ablation of fibrinogen (FBG−/−) 
or the αMβ2 binding motif on fibrinogen (Fib-γ390-396A) effectively 
prevented osteoporosis in PLG−/− mice, demonstrating a direct 
role for persistent fibrin deposition in bone disease progression. 
Mechanistically, these studies determined that engagement of 
macrophage-1 antigen on fibrin potentiates the fusion of mono-
cytes to form osteoclasts in the presence of RANKL.50 These 
studies indicate that persistent fibrin in bone may potentiate os-
teoporosis by driving osteoclastogenesis, thereby uncoupling the 
bone remodeling unit favoring a catabolic phenotype. Although 
early clinical studies have identified a relationship to circulating 
fibrinogen and osteoporosis,80 further studies are required to de-
termine if targeting fibrin(ogen) is a viable therapeutic approach to 
prevent osteoporosis.

8  | COAGULATION AND FIBRINOLYSIS IN 
DEGENERATIVE JOINT DISEASE

In addition to loss of bone, chronic inflammatory conditions cause 
degeneration in joints by hijacking thrombin and plasmin activity. 
Since the 1960s, inappropriate fibrin formation and plasmin activ-
ity have been detected in the synovial fluid of arthritic joints.79,81-83 
Affecting approximately 1.3 million individuals in the United States, 
rheumatoid arthritis is an autoimmune disease marked by a persis-
tent APR: localized inflammation, fibrin formation, cellular infiltra-
tion, and plasmin activation within the synovium (Figure 3), which 
eventually leads to cartilage and bone degradation8,84 (Figure 2F). 
Similar to osteoporosis, IL-6, IL-1β, and TNF-α have all been impli-
cated in rheumatoid arthritis (RA), indicating anticytokine monoclo-
nal antibodies for treatment.84,85 In a collagen-induced arthritis (CIA) 
murine model, fibrinogen deficiency reduced the local inflammatory 
response to the collagen injection and conferred resistance to RA 
in the paw joints, suggesting that fibrin is a pathologic driver in this 
disease. In the same model, Fib-γ390-396A mice expressing fibrinogen 
unable to bind to αMβ2 on the macrophage were resistant to CIA.51 
Furthermore, the prevention of fibrin crosslinking by removing or 
inhibiting transglutaminase factor XIII is sufficient to reduce local 
inflammation and bone erosion in CIA.86 Interestingly, another study 
using the CIA model demonstrated the seemingly contradictory 
finding that a plasminogen deficiency was found to protect mice 
from the development of RA in the paw joints.87 This was further 
investigated in a more clinically relevant model of RA: transgenic 
mouse overexpressing human TNF-α (Tg197), in which mice spon-
taneously develop the disease. Work in Tg197 mice demonstrated 
that while plasminogen deficiency exacerbated disease progression 
in the paw joints, it reduced disease progression in the knee joints, 

demonstrating that plasmin has both pro- and antiarthritic functions 
based on the specific joint tissue and the model of disease.88 It was 
found that in Tg197 mice, fibrin drives the disease progression of 
RA in the paw joints, while in the knee joints, plasmin activation of 
MMP9 plays a significant role in joint degeneration. Furthermore, 
combined plasmin(ogen) and fibrin(ogen) deficiency negated both 
the pro- and antiarthritic roles of plasmin in RA.88 Collectively, these 
data suggest that plasmin and fibrin may work cooperatively to pro-
mote disease progression through different mechanisms.

More recent research implicates a specific plasminogen activator, 
receptor, and cell type in RA disease progression. Previous studies in 
synovial samples from RA patients have demonstrated that cells pres-
ent in synovial fluid, including fibroblasts and macrophages, overex-
press u-PAR.89 Further studies in a CIA model of RA demonstrated 
that a deficiency or inhibition of macrophages, u-PA, or u-PAR con-
ferred resistance to CIA.90,91 To investigate if the pathologic effect of 
plasmin in RA is mediated by u-PAR on the surface of macrophages, 
bone marrow transplants from u-PAR–deficient mice into wild-type 
mice were employed. Transplant of u-PAR–deficient hematopoietic 
cells into wild-type mice prevented the development of arthritis in 
a CIA model.91 Therefore, u-PA–u-PAR–mediated activation of plas-
min on the surface of hematopoietic cells, including macrophages, 
is a possible mechanism for inappropriate plasmin activation in ar-
thritic joints. In contrast, a t-PA deficiency exacerbated arthritis in 
the same murine model.92 These findings of plasminogen activator 
specificity in arthritis suggest that t-PA drives fibrinolysis in the joints 
to reduce inflammation, while u-PA activates plasmin on the surface 
of macrophages and fibroblasts via u-PAR, propagating inflammation 
and tissue remodeling. Interestingly, patients with hereditary hemo-
philia A and B often develop bleeding within the joints, which leads 
to persistent inflammation, cartilage remodeling, and joint degenera-
tion.93,94 Recent research from the Mosnier lab has demonstrated that 
insufficient thrombin-activated fibrinolytic inhibitor (TAFI) activation 
in factor VIII−/− mice results in unchecked plasmin activation in hemo-
philic joints. Similarly to the joint pathology observed in RA, unbri-
dled u-PA–mediated plasmin generation, secondary to defective TAFI 
activation within joints, was found to drive hemophilic joint bleeds 
and ensure arthropathy.94 New research is investigating the possible 
therapeutic use of u-PA inhibitors to treat joint degeneration,95 but 
it should be applied with caution, as u-PA also plays a critical role 
in musculoskeletal repair. Research from the Hamilton laboratory 
has demonstrated that while u-PA deficiency protects against CIA, 
if there is a soft-tissue injury adjacent to the joint, a u-PA deficiency 
worsens local inflammation, and arthritis develops.96,97 While the fi-
brinolytic function of plasmin prevents fibrin-mediated inflammation 
in joints, chronic plasmin-mediated macrophage activation and matrix 
remodeling in joints drives cartilage degeneration and bone erosion.

9  | FUTURE PERSPECTIVES

Plasminogen activation has been implicated in many disease states, 
including musculoskeletal disease, and future studies in this field 
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may identify therapeutic targets within the coagulation and fibrino-
lytic systems to diagnose and treat diseases beyond the vascular 
system. Specifically, there is a great clinical need for improved thera-
peutics to treat musculoskeletal repair problems and degenerative 
diseases, and the pharmacologic manipulations of plasmin and/or 
fibrin may present effective treatment options. Potent amiloride-
derived u-PA inhibitors developed in the Ranson and Kelso labora-
tories show promising potential for the treatment of u-PA–mediated 
pathologies, including joint degeneration,95,98 but further studies are 
required to determine optimal use without affecting u-PA–mediated 
tissue repair. Additionally, novel inhibitors of plasminogen activa-
tor inhibitor-1 (PAI-1) may also provide therapeutic benefit if dosed 
within the appropriate spatiotemporal context to enhance plasmin 
activation.99 Likewise, the pathologic effects of persistent fibrin 
deposition in musculoskeletal repair and degeneration are clear, but 
anticoagulant or fibrin-targeting drugs carry the risk of bleeding side 
effects100 and may not have efficacy in extravascular compartments.

Because macrophages can have both reparative and pathologic 
roles within the musculoskeletal system, they may represent another 
target for musculoskeletal disease. Recent research in cancer, cardio-
vascular disease, and inflammatory conditions have identified macro-
phage polarization as a possible therapeutic target for treatment of 
these diseases.101,102 Because much of plasmin and fibrin’s respective 
roles within the musculoskeletal system are mediated or amplified by 
macrophages, and alternative approaches may target receptors for 
plasmin(ogen), plasminogen activators (ie, u-PAR), or fibrin (ie, αMβ2) 
on the surface of macrophages without dramatically affecting global 
plasmin(ogen) activation or hemostasis. While macrophages have long 
been associated with tissue repair mechanisms, new research has elu-
cidated diverse functions for neutrophils in tissue repair and degener-
ation.46,47 Prolonged tissue inflammation mediated by neutrophils can 
have deleterious effects on repair, but acute inflammation instigated 
by neutrophil cytokines and NETs provoke a reparative response.47 
Investigations on the roles of neutrophils in thrombosis, inflammation, 
and tissue repair suggest that NETs within injured tissue may also stim-
ulate tissue repair through macrophage function.46,48 Collectively, the 
plasminogen activation system and downstream effector cells pres-
ent promising therapeutic targets for a range of conditions beyond 
vascular disease, including the treatment of musculoskeletal disease.

10  | ISTH 2019 MELBOURNE REPORT

State-of-the-art abstracts presented at ISTH 2019 Congress pre-
sented both new insights and techniques in the study of coagula-
tion and fibrinolysis in physiology and disease. Two separate reports 
were presented that focused on the contribution of platelet-lo-
calized activation of TAFI to the regulation of fibrinolysis. Suzuki 
and colleagues presented data indicating that supplementation of 
normal plasma with platelets prolonged in vitro clot lysis times in 
a concentration-dependent manner.103 Plasminogen accumulation 
at the lysis front was accelerated with addition of either a throm-
bomodulin inhibitory antibody or a direct TAFI inhibitor (TAFIaI). 

Finally, these authors showed that addition of TAFIaI to whole blood 
clots formed under flow conditions in a capillary chamber prolonged 
occlusion time.103 Kim and colleagues104 documented that activation 
of human or mouse platelets with thrombin resulted in plasminogen 
and t-PA binding to the platelet surface in fibrin-dependent manner. 
The authors presented additional data indicating TAFIa activated 
significantly attenuated t-PA and plasminogen binding to platelets 
and subsequent platelet-associated plasmin generation. Finally, 
these authors had data supporting the innovative hypothesis that a 
thrombin-dependent modification of fibrin other than fibrinopeptide 
release was required for plasminogen binding. Mass spectrometry 
analyses further suggested lysine 556 on the α-chain of fibrinogen 
as a thrombin-generated C-terminal lysine, which is a target for plas-
minogen binding and TAFIa-mediated release.104 Collectively, these 
studies provided novel insights into the platelet-fibrinolysis axis.

The molecular basis of compromised fibrinolytic function in obe-
sity was also a topic of multiple abstracts presented. Zheng and col-
leagues105 provided data identifying a novel regulatory network in 
hepatocytes that controls the expression and release of t-PA and PAI-
1. These authors illustrated that mRNA levels of both t-PA and PAI-1 
increase in obese compared to lean mice, but that the increase of 
PAI-1 was significantly greater. The authors identified what they de-
scribed as a compensatory pathway controlling fibrinolysis in obesity 
by which lowering PAI-1 in obesity reduced t-PA and PAI-1 treatment 
induced hepatocyte t-PA mRNA production. Using small interfering 
RNA gene-silencing strategies, the authors identified that the regula-
tory pathway was controlled by PAI-1 activation of the transcription 
factor CAMP responsive element-binding protein 1 that drives t-PA 
expression, whereas expression is counterbalanced by the transcrip-
tional repressor dachshund homolog 1.105 Miszta and coworkers106 
developed and validated a novel plasmin generation (PG) assay. The 
premise of the assay is akin to that of the established thrombin gener-
ation (TG) assay whereby plasmin activity is measured by conversion 
of a fluorogenic substrate to calculate a plasmin generation curve 
over time. Parameters may be quantified including generation rate, 
lagtime, peak, time to peak, and endogenous plasmin potential. The 
assay was shown to be dependent on fibrin formation and sensitive 
to t-PA, PAI-1, and α2-antiplasmin. Using the assay, the authors doc-
umented that plasma from mice fed a high-fat diet displayed delayed 
plasmin generation lagtime, time to peak, and reduced rate relative to 
control diet–fed mice. The authors documented that contrary to ex-
pectations, the delayed plasmin generation was not due to elevated 
PAI-1 levels. The authors performed analyses integrating PG and TG 
to show that the effects of obesity on TG and PG resulted in normal 
fibrin formation kinetics but delayed clot lysis.106

A novel targeting strategy to drive plasmin generation and thus 
thrombolysis in patients with thrombotic thrombocytopenic purpura 
was presented by de Maat and colleagues.107 The basis of the ap-
proach was generation of a “mini”-urokinase catalytic domain fused 
to a nanobodies targeting either von Willebrand factor (VWF) or 
glycoprotein 1b. The fusion proteins were able to bind to the speci-
fied target with high affinity. The VWF-targeted fusion protein was 
found to enhance the destruction of in vitro platelet microthrombi 
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at a 7-fold faster rate than nontargeting constructs. Further, using 
flow-based assays, these authors showed that the targeting con-
structs accelerated the removal of VWF-platelet strings from endo-
thelial cell surfaces.107

11  | CONCLUSION
Proper musculoskeletal repair is dependent upon coordinated acti-
vation of coagulation and fibrinolysis as part of the survival and re-
pair phases of the APR, respectively. When a specific tissue or entire 
system gets stuck in an unresolved, perpetual APR, it drives chronic 
inflammation and tissue degeneration. The delicate interplay be-
tween coagulation and fibrinolysis in musculoskeletal health is de-
pendent upon context, which explains why different models have 
found seemingly conflicting data on their roles in pathology and re-
pair. Because plasmin is essential for repair of muscle and bone fol-
lowing injury, plasmin-enhancing therapeutics may be an effective 
strategy to improve musculoskeletal healing in patients with repair 
problems, but timing, location, and level of plasmin(ogen) activation 
remain key factors that differentiate plasmin’s roles in repair from 
its pathologic roles in degeneration. As such, therapeutically target-
ing plasmin or u-PA may prevent its proarthritic roles, but it should 
be considered that inhibition of this system might have deleterious 
effects on tissue repair after injury. The difference between the 
beneficial and the pathologic effects of plasmin and fibrin in muscu-
loskeletal health is the spatiotemporal context of each, and there-
fore therapeutic efforts to target either plasmin or fibrin must take 
into consideration the precise etiology of disease, stage of disease, 
and anatomic location of disease to minimize off-target effects.
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