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Chapter 1

General introduction



Hemophilia

Hemophilia is a hereditary coagulation disorder caused by a deficiency of either 
blood coagulation factor VIII (FVIII) in hemophilia A, or blood coagulation factor IX 
(FIX) in hemophilia B1;2. Hemophilia is an X-linked inherited recessive disease 
affecting males. The combined incidence for hemophilia A and B is 1 in 5000 live 
male births. The world wide prevalence of hemophilia A is estimated on 1 in every 
5000 to 10,000 males, and 1 in 25,000 to 30,000 males for hemophilia B3;4. The total 
of worldwide affected individuals is estimated to be around 400,000.
The FVIII gene is one of the largest genes known, comprising about 0.1 percent of 
the X chromosome5. Numerous different mutations in the FVIII gene have been 
described6. The FIX gene is located near the terminus of the long arm of the X 
chromosome, in which a variety of specific gene defects have been described7. 
Approximately, one-third of patients with hemophilia do not have a family history of 
the diseases and appear to represent novel mutational events.
Affected hemophilia individuals have a life-long bleeding tendency with a variable 
phenotype of spontaneous hemorrhages, easy bruising, and prolonged bleeding 
following trauma. Bleeding may occur anywhere in patients with hemophilia. The 
bleeding phenotype is inversely related to the amount of residual FVIII or FIX levels8. 
Severe hemophilia, which affects two-thirds of the patients with hemophilia A and 
half of the patients with hemophilia B, is defined as less than 1% of clotting factor 
levels as compared to normal9. Moderate hemophilia is defined as 1 to 5% clotting 
factor level compared to normal, and mild hemophilia is defined as clotting factor 
levels above 5%. Roughly, patients with severe hemophilia suffer from spontaneous 
bleeds, whereas patients with moderate hemophilia are less affected, and patients 
with mild hemophilia only have bleeding problems after major trauma or surgery. 
In severe hemophilia, approximately 85% of all bleeding events occur in synovial 
joints with the most common affected joints being the knees, elbows, and ankles10;11. 
The hips and shoulders are affected to a lesser extent and bleedings in smaller joints 
are rare. Around 25% of individuals with severe hemophilia develop a so-called 
target joint. A target joint is defined as four joint bleeding episodes in a 6-month 
interval, or 20 joint bleedings over the lifetime of a joint12. A target joint is more 
susceptible to subsequent bleedings as compared to other joints. It is unknown why 
bleedings occur with a predisposition for the larger synovial joints. Even so, there is 
no explanation for the development of a target joint.
Repeated joint bleedings results in blood-induced joint damage and ultimately in 
hemophilic arthropathy (HA). Joint bleeds and HA are the most common causes of 
morbidity in patients with hemophilia, and are associated with complaints of pain, 
joint impairment, disability, and reduced quality of life13-15. Ultimately, orthopedic 
procedures such as synovectomy, arthrodesis, and arthroplasty can become 
necessary16;17.
Currently, the treatment of hemophilia consists of substitution of either FVIII or FIX. 
This form of treatment became available in the sixties, when isolating clotting factor 
from blood became possible, and was further stimulated with the development and 
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production of recombinant FVIII and FIX in the nineties18. Replacement therapy with 
coagulation factors is used on demand during acute bleeding episodes as well as for 
primary and secondary prophylaxis. The replacement therapy with either FVIII or FIX 
have markedly reduced the risk of joint bleeds and the subsequent development of 
HA, with primary prophylaxis being the optimal treatment modality for patients with 
severe hemophilia19;20.
Despite the availability of clotting factor replacement, joint bleeds and subsequent 
HA, is still an issue of great concern for several reasons. First of all, although clotting 
factor is fairly good available in the western world, it is only used as primary prophy-
laxis in a limited number of countries due to the high costs of clotting factor products. 
Even more concerning, approximately 75% of all patients with hemophilia worldwide 
do not have access to clotting factor replacement due to the high cost of these 
products. Secondly, even with clotting factor replacement therapy, joint bleeds and 
subsequent HA still occurs21;22.  Finally, an important complication of clotting factor 
replacement in the treatment of hemophilia is the development of antibodies 
(inhibitors) directed against the administered clotting factor23. The development of 
inhibitors, which are primarily IgG antibodies, is more common in patients with 
hemophilia A than in those with hemophilia B. Inhibitors in both hemophilia A and B 
are more likely to occur in patients with severe disease. FVIII inhibitors have been 
reported in approximately 25 to 30 percent of patients with severe hemophilia A and 
in 3 to 5 percent of patients with severe hemophilia B24-26. The treatment of hemophi-
lia patients and inhibitors with bypassing agents, such as prothrombin complex 
concentrates (PCCs), their activated configurations (aPCCs), or recombinant human 
factor VIIa is challenging, expensive, and not as effective as standard clotting factor 
replacement therapy27;28. Considering the above, the search for new therapeutic 
modalities in the treatment of hemophilia and specifically blood-induced joint 
damage is warranted.

Joint bleeds following surgery or major trauma

Joint bleeds are not only present in patients with hemophilia. They also due occur 
following surgery or major trauma when blood leaks into the joint cavity29;30. 
Examples of trauma associated with joint bleeds are peripheral meniscal tears, 
anterior cruciate ligament ruptures, tibial tubercle avulsion injuries, and 
patellar/femoral osteochondral fractures31. Registration is absent, and exact number 
of affected individuals are lacking, but the prevalence of surgery and major trauma 
induced joint bleeds may even be higher than the total of number of joint bleeds in 
patients with hemophilia. Irrespective of the underlying cause, a joint can lead to 
severe damage of several components of the joint.
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Blood-induced joint damage

Synovial tissue and articular cartilage
Blood is not normally present in the intra-articular joint cavity. The most affected 
joints in hemophilia are the larger synovial joints. Synovial joints are enclosed by a 
capsule, composed of ligaments and consist of synovial tissue on the inside (figure 
1). The synovial membrane consist of two layers: the synovial intima and the syno-
vial subintima. The synovial intima, also termed synovial lining cell layer, is the 
superficial layer and is in contact with the intra-articular cavity. It is normally compo-
sed of one to three cells layers of synovial lining cells (SLCs). There are two populati-
ons of SLCs, the type A and type B cell32. The type A cell, or macrophage-like cell, 
contains lysosomes, vacuoles and its cell surface is covered by microvilli and 
microplicae (filodopia or lamellipodia)32. The type B cell, or fibroblast-like synovial 
cell, is the predominant cell in the synovial membrane and contains protein synthetic 
organelles33. Type B cells are hold responsible for the synthesis of extracellular 
matrix proteins of the synovium. They amongst others produce collagen, fibronectin, 
hyaluronic acid and lubricin necessary for the normal motion of cartilage surfaces in 
the joint34. Additionally, multiple nutrients are produced to nourish the chondrocytes 
in the cartilage. Finally, type B cells synthesize plasminogen activators which may be 
involved in both the degradation of fibrinogen and the activation of metalloproteinase 
enzymes35. It is this synovial tissue that produces and controls the quality of the 
synovial fluids that fills the synovial cavity and nourishes and lubricates the joint. The 
type B cell is hold responsible for the production of synovial fluids, whereas the type 
A cell is hold responsible for the removal of excess of synovial fluid, for the removal 
of breakdown- and turnover-products of cartilage, and for the removal of debris from 
the joint cavity. To exert these functions, synovial tissue is highly vascularised.

Figure 1. The synovial joint – synovial tissue   
Schematic representation of a synovial knee joint, consisting of two bone ends covered by cartilage and 
attached to each other by ligaments and the surrounding joint capsule (A). Close up of the joint capsule 
which is lined with synovial tissue consisting of blood capillaries, fibrous and fatty tissue, and synovial 
lining cells (B).  (according to Lafeber F, in Reumatologie en Klinische Immunologie, Chapter 1: Anatomie 
en fysiologie van het bewegingsapparaat).
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The human cartilage covers the ends of bones and is composed predominantly of an 
extracellular matrix (ECM) of collagens and proteoglycans (figure 2). The main type 
of collagen in articular cartilage is type II collagen, which is responsible for providing 
shape and tensile strength. Proteoglycans are composed of a core protein and cova-
lently linked sulphated glycosaminoglycans (GAGs). Covalently bound to hyaluronic 
acid chain stabilized with a linker protein to form large proteoglycan aggrecan mole-
cules. Their highly negative charge draws cat-ions into the matrix resulting in a high 
osmotic swelling pressure. Entrapped in the collagen matrix structure these prote-
oglycans are in this way together with the collagen network responsible for resisting 
compressive forces on the joint cartilage and to modulate joint movement under high 
loads36. Chondrocytes, embedded in relative small numbers in this ECM, regulate 
the turnover and remodelling of the cartilage matrix37. In normal human cartilage, a 
steady state exists in which the turnover of the matrix molecules is in equilibrium. 
Important in maintaining this equilibrium are the matrix metalloproteinases (MMPs), 
a family of zinc-dependent endopeptidases including a disintegrin and metalopro-
teinases (with thrombospondin motifs) (ADAM(TS)) proteases that collectively 
cleave most of the components of the ECM37. They are involved in normal turnover 
and play an important role in pathologic destruction of tissues in a variety of disea-
ses. 

Figure 2. The synovial joint – cartilage tissue   
Schematic representation of the articular cartilage consisting of a calcified cartilage layer, chondrocytes, 
extracellular matrix, and collagen (A). The extracellular matrix of the articular cartilage mainly consists of 
proteoglycans (predominantly aggrecan) and collagen (predominantly type II) fibrils (B). (according to 
Lafeber F, in Reumatologie en Klinische Immunologie, Chapter 1: Anatomie en fysiologie van het 
bewegingsapparaat)
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Hemophilic synovitis
Hemophilic arthropathy is the result of repeated extravasations of blood into the joint 
cavity and is characterized by two main features: chronic synovitis and cartilage 
damage38. Hemophilic synovitis is a proliferative disorder of the synovial tissue. 
Exposure of synovium to blood results in an acute inflammatory reaction with infiltra-
tion of synovial tissue by polymorphonuclear cells and later by monocytes and lymp-
hocytes. Villous hypertrophy, hemosiderin deposition, and increased vascularity of 
the synovial tissue occurs soon thereafter39-41. The inflamed, villous, hyper vascula-
ted, and fragile synovial tissue is expected to be more susceptible to further hemorr-
hage, which induces a vicious circle42. 
Various components of blood are responsible for the induction of synovial changes, 
but it is known that iron plays a pivotal role in the pathophysiology of hemophilic 
synovitis. With each joint bleed the system is challenged by a large amount of iron 
contained erythrocytes. In a week time, this cavitary blood is removed from the joint 
space by SLCs and invading macrophages43-45. Erythrophagocytosis by type A SLCs 
can be observed as soon as 4 hours after induction of haemarthros45. Later in the 
process, invading macrophages assist in the erythrophagocytosis. There is no hard 
evidence that type B SLCs are able to participate in erythrophagocytosis46. The 
phagocytosed erythrocytes are further degraded in lysosomes and iron is released 
out of heme. Besides the release of iron out of heme of phagocytosed erythrocytes, 
cells have other mechanisms for cellular uptake of free iron present in the joint cavity 
following a joint bleed, including specific iron regulator proteins. Iron inside the syno-
vial cell can undergo two fates: either it can be stored as ferritin or it can be exported 
out of the cell47.
With successive joint bleeds, the capacity to remove blood from the joint cavity and 
to maintain iron homeostasis is expectedly exceeded. This eventually results in the 
deposition of iron contained erythrocytes in the synovial tissue, accumulation of 
hemosiderin, and ongoing tissue damage.  A central role for iron in the pathophysio-
logy of hemophilic arthropathy was first proposed by Morris et al48. They observed a 
relationship between iron deposits and synovial tissue damage. In addition, it has 
been demonstrated that iron has a proliferative effect on synoviocytes by the induc-
tion of several synovial genes49. Iron increases the expression of proto-oncogene 
C-MYC, which is associated with proliferation and hyperplasia of synovial tissue50,51. 
Furthermore, iron induces the expression of MDM2, a p53 tumor suppressor binding 
protein, resulting in inhibition of synovial cell apoptosis and ongoing synovial tissue 
hyperplasia52. Besides a role in the proliferation of synovial cells, it has been demon-
strated that iron also plays a role by induction of inflammation as iron-loaded syno-
vial tissue synthesize more pro-inflammatory cytokines, including interleukin (IL)-1β, 
IL-6, and tumor necrosis factor-α (TNF-α), as compared to normal synovial tissue53.

Cartilage damage
Cartilage damage following a joint bleed is both synovial dependent and indepen-
dent. First of all, hemophilic synovitis has an invasive and destructive interface 
(pannus) with cartilage54,55. In addition, hemosideritic synovial tissue has an
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increased production and excretion of cartilage-destructive pro-inflammatory cytoki-
nes, including IL-1β, IL-6, monocyte chemoattractant protein-1 (MCP-1), and TNF-α, 
and cartilage matrix degrading proteases53,56. These destructive properties of syno-
vial tissue on cartilage are already present within 24-48 hours after a joint bleed and 
are long lasting57,58. 
Blood also has direct, synovial independent, adverse effects on cartilage as shown 
in many studies and as demonstrated by the observed progression in cartilage 
damage after synovectomy58-64. The in vitro exposure of cartilage to blood results in 
a virtually complete inhibition of proteoglycan synthesis and an increase in the 
release of proteoglycans from the cartilage matrix63,64. This inhibition in proteoglycan 
synthesis is long-lasting and is still present after a follow-up period of 10 weeks59. 
Even after a relatively short exposure of two days to low amounts of blood prolonged 
cartilage damage can be observed65. In addition, immature cartilage is more suscep-
tible to blood-induced damage than mature cartilage, and impaired cartilage is at 
least as susceptible to blood-induced joint damage as healthy cartilage61,66. 
Several studies investigated the mechanism of blood-induced cartilage damage and 
the possible harmful effects of whole blood and various blood components. It was 
found that whole blood anticoagulated with heparin, coagulated blood, mononuclear 
cells (MNC), erythrocytes, and plasma, in this order of potency, decreased prote-
oglycan synthesis64. The combination of erythrocytes and MNC was found to be as 
potent as whole blood and is therefore hold responsible for the blood-induced and 
synovial-independent destructive effects on cartilage. The disturbances in matrix 
turnover and the subsequent loss of proteoglycan content after exposure to blood is 
the result of chondrocyte apoptosis, since inhibition of caspases, involved in the 
apoptotic process, results in normalization of matrix synthesis60. Chondrocyte apop-
tosis is the result from oxidative stress. Hydrogen peroxide, produced by IL-1ß 
activated MNC and chondrocytes, in the presence of erythrocyte-derived iron, is 
able to react according to the Fenton reaction, resulting in the generation of very 
toxic hydroxyl radicals, and subsequently apoptosis of chondrocytes62,63,67-70. 
Scavenging these hydroxyl radicals with dimethylsulphoxide diminishes inhibition of 
matrix synthesis62. Since chondrocytes hardly proliferate, and since the limited 
number of chondrocytes is responsible for turnover of a relatively large amount of 
ECM, loss of chondrocytes due to apoptosis therefore leads to long-lasting distur-
bances in the turnover in cartilage matrix and cartilage damage71.
From these results a mechanism of blood-induced joint damage is proposed, in 
which synovial derived pro-inflammatory cytokines and degrading proteases in 
combination with the formation of hydroxyl radicals and subsequent induction of 
chondrocyte apoptosis finally results in blood-induced cartilage damage (figure 3).
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Figure 3. Proposed mechanism of blood-induced joint damage 
With a joint bleed the joint cavity will be filled with blood including its components erythrocytes and 
monocytes/macrophages. Erythrocytes will be phagocytosed by synovial cells and iron will be released in 
the synovium. Thereby the iron-loaded synovium gets inflamed resulting in synovitis. The inflamed 
synovium will produce pro-inflammatory cytokines, like IL-1ß and TNF-ɑ, and degrading proteases, as 
MMPs. These pro-inflammatory cytokines and degrading proteases will damage the cartilage. In addition, 
erythrocytes in the joint cavity will also be phagocytosed by monocytes/macrophages, with subsequent 
activation of these cells and the stimulation of production of pro-inflammatory cytokines as IL-1 ß. This in 
turn stimulates H2O2 production by chondrocytes. H2O2 in combination with free iron (Fe2+) derived from 
erythrocytes reacts via the Fenton reaction resulting in the formation of hydroxyl radicals (OH-). These 
radicals induce chondrocyte apoptosis and thereby disturbance of cartilage matrix turnover and finally 
cartilage damage.
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Coagulation and fibrinolysis

Coagulation
Hemostasis is the result of a complex balance between coagulation and fibrinolysis 
(figure 4). Tissue factor (TF) is the main initiator of blood coagulation. TF, an integral 
membrane glycoprotein, is not normally expressed on the vascular surface but is 
exposed to blood flow after endothelial damage72. TF may also circulate in blood, 
associated with cell-derived membrane microvesicles, as well as in a soluble, 
alternatively-spliced form73,74.
Tissue factor serves as a the cofactor required for the production of activated factor 
VII (FVIIa)75. The TF-FVIIa complex activates factor IX (FIXa) and FX (FXa)76,77. FIXa 
in complex with its cofactor FVIIIa also activates FX (FXa) independent of TF76. 
Factor Xa linked to FVa forms the prothrombinase complex, with converts 
prothrombin (FII) to thrombin (FIIa)78. Finally, thrombin converts fibrinogen to fibrin79. 
The coagulation cascade is balanced by natural anticoagulants such as antithrombin 
(AT), protein C (PC), protein S (PS), and tissue factor pathway inhibitor (TFPI)80-83. In 
patients with hemophilia, the coagulation pathway is disturbed due to a deficiency of 
either FVIII (hemophilia A), or FIX (hemophilia B).

Fibrinolysis
Clot lysis after formation is accomplished by the fibrinolytic system. Like the coagula-
tion cascade, the fibrinolytic system exists of several proteases. Plasminogen is the 
precursor molecule of plasmin, the effector protease of the fibrinolytic system, which 
binds to fibrin84. Plasminogen is converted to plasmin by serine protease plasmin-
ogen activators, such as tissue-type plasminogen activator (tPA) and urokinase-type 
plasminogen activator (uPA)85. Subsequently, plasmin cleaves fibrin, and other 
molecules including fibrinogen and FIX86. Tissue-type plasminogen activator is 
predominantly an endothelial cell enzyme and is responsible for initiating intravascu-
lar fibrinolysis, whereas uPA is secreted by many cells and is the major activator of 
extravascular fibrinolysis84.
Activation of fibrinolysis is controlled via inhibition of tPA and uPA by plasminogen 
activator inhibitor 1 and 2 (PAI-1, PAI-2), and via inhibition of plasmin by 
antiplasmin87,88. Furthermore, activated thrombin-activatable fibrinolysis inhibitor 
(TAFI) functions as a fibrinolysis inhibitor by diminishing the incorporation and activa-
tion of plasminogen into the clot, leading to delayed clot lysis89,90. TAFI itself is activa-
ted by the thrombin-thrombomodulin complex91. TAFI affects the clot dissolution 
through a threshold-dependent mechanism: as long as TAFI remains above the 
threshold value, fibrinolysis is inhibited and clot lysis is prevented92. 
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Figure 4. Coagulation and fibrinolysis 
The coagulation cascade is initiated by tissue factor and results via several coagulation proteases in the 
formation of thrombin which converts fibrinogen into fibrin. The fibrinolytic system is initiated  by tPA or 
uPA resulting in the formation of plasmin and clot lysis. Thrombin-activatable fibrinolysis inhibitor connects 
the coagulation cascade with the fibrinolytic system.

Protease Activated Receptors
In addition to maintaining normal hemostasis, coagulation proteases are able to 
function as signaling molecules through the interaction with specialized G-protein 
coupled receptors called proteinase activated receptors (PARs)93. To date, four 
PARs have been identified (PAR1-4)94-97. PARs have been detected in numerous cell 
types including neutrophils, monocytes, macrophages, trombocytes, and T-cells98-

101. Expression of the four known PARs is also present in the synovial lining cells and 
in chondrocytes102.
The unique mechanism whereby serine proteases signal via PARs involves the 
cleavage of the receptor N-terminal exodomain at a specific site (figure 5)94. This 
cleavage unmasks a new N terminus that subsequently serves as a tethered ligand. 
The tethered ligand acts as a (auto) receptor ligand, resulting in PAR activation or 
deactivation. Different coagulation proteases are able to interact with different 
subsets of PARs, for example FXa is able to interact with PAR-1 and PAR-2, 
whereas thrombin and plasmin are able to interact with PAR-1, PAR-3, and PAR-
4101,103,104. Interaction of coagulation proteases with PARs results in various cellular 
effects, as this interaction can activate PARs, but in some cases the coagulation 
proteases are able to act as negative PAR regulators, preventing downstream signa-
ling by proteolytically inactivating the receptor104. In general interaction of PARs with 
coagulation proteases results in alteration in gene regulation, induction of cell 
proliferation and cell migration, angiogenesis, and IL-1ß, IL-6, and IL-8 cytokine 
production101,103,105,106.
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Figure 5. Protease Activated Receptor – mechanism of activation 
A serine protease interacts with a protease activated receptor and cleaves the N-terminal exodomain of 
the receptor. This cleavage will unmask the tethered ligand which will interact with the receptor resulting 
in PAR activation or deactivation and will modulate cell signaling.

Outline of this thesis
The aim of this thesis is to gain more insight in the pathophysiology of blood-induced 
joint damage and to establish new therapeutic modalities for the treatment of blood-
induced arthropathy. Several human in vitro and ex vivo studies involving patients 
with hemophilia, as well as animal in vivo studies have been performed in light of this 
aim.

Iron
In the first part of this thesis the pivotal role of iron in the pathophysiology of blood-
induced joint damage is further clarified. It was investigated whether human synovial 
tissue expresses the iron regulator proteins ferroportin, hepcidin, hemoglobin 
scavenger receptor CD163, feline leukemia virus subgroup C, and heme carrier 
protein 1 (chapter 2).

Previous studies have demonstrated that monocyte/macrophage populations are 
able to polarize to M1 and M2 cells, and that monocyte/macrophage polarization 
affects their role in iron homeostasis107-109. Therefore in chapter 3, the alterations in 
monocyte/macrophage polarization was investigated following a joint bleed. 

With a pivotal role for iron in the pathophysiology of both hemophilic synovitis and 
cartilage damage and knowing that the human body is unable to actively remove 
iron, in chapter 4 it was evaluated whether deferasirox, an iron chelator, is able to 
prevent the onset of synovitis and cartilage damage following a joint bleed in 
mice110,111.
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Crosstalking between coagulation and inflammation

The second part of this thesis focuses on the fibrinolytic system and the crosstalking 
between coagulation and inflammation via the so-called protease activated recep-
tors (PARs)112. In chapter 5, it is investigated whether stimulation of naïve monocy-
tes and peripheral blood mononuclear cells with coagulation proteases are able to 
elicit anti-inflammatory responses and whether this is PAR-mediated.

Hemostasis is the net result of the balance between coagulation and fibrinolysis. 
Early studies investigating the pathophysiology of hemophilic arthropathy specula-
ted about an altered synovial fibrinolytic system following a joint bleed113,114. There-
fore, in chapter 6 it was investigated whether a joint bleed alters the synovial fibrino-
lytic system, and if plasmin, as the main effector protease of the fibrinolytic system, 
plays a harmful role in the pathophysiology of hemophilic arthropathy.

With the knowledge of the previous studies, the objective of the study as described 
in chapter 7 was to determine whether amiloride or antiplasmin was able to prevent 
the onset of hemophilic synovitis and cartilage damage following a joint bleed. 

Considering that proteases of the fibrinolytic system are able to crosstalk with inflam-
mation through their interaction with PARs, in chapter 8 it was investigated whether 
PAR expression alters following a joint bleed112. In addition, it was evaluated whether 
blocking these receptors with small interfering RNA was able to prevent the onset of 
hemophilic synovitis and cartilage damage.    
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Abstract

Objective:

Recurrent joint bleeding is the most common manifestation of severe hemophilia 
resulting in hemophilic arthropathy (HA). Iron plays a central role in the pathogenesis 
of the two main features of HA: synovitis and cartilage destruction. The aim of this 
study was to investigate the synovial presence of the iron regulator proteins ferropor-
tin (FPN), hepcidin, hemoglobin scavenger receptor CD163 (CD163), feline leuke-
mia virus subgroup C (FLVCR), and heme carrier protein 1 (HCP-1). A comparison 
of the expression in HA with reumatoid arthritis (RA), osteoarthritis (OA), and healthy 
controls (HC) is made. 

Methods:

Synovial expression of iron regulators was investigated by immunohistochemistry in 
human synovial tissue and in a murine hemophilia model. 

Results:

We demonstrate for the first time the synovial presence of the investigated iron regu-
lator proteins. Expression of the iron regulator proteins FPN, CD163, FLVCR, and 
HCP-1 was enhanced in HA in comparison to RA, OA, and HC synovium. In addition, 
in a murine hemophilia model of acute joint bleeding, synovial expression of FPN, 
CD163, and HCP-1 was increased. In both human and murine experiment, synovial 
expression of hepcidin was not altered.

Conclusion:

These findings indicate the presence of iron regulator proteins in the synovium, 
demonstrate an enhanced expression of FPN, CD163, FLVCR, and HCP-1 in HA, 
and suggest a synovial adaptation mechanism to maintain synovial iron homeosta-
sis in HA.
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Introduction
 
Tight regulation of both cellular and systemic iron homeostasis is of vital 
importance1. Iron is a transition metal with the ability to readily accept and donate 
electrons. An excess of ferrous iron (Fe(II)) is potentially harmful as Fe(II) has cataly-
tic effects. Ferrous iron reacts according to the Fenton reaction with hydrogen 
peroxides or lipid peroxides to generate hydroxyl or lipid radicals, which can damage 
lipid membranes, proteins, and nucleic acids2. 
A disease with a burden of iron, as indicated by the presence of iron deposits, is 
hemophilic arthropathy (HA). HA is one of the most disabling complications of 
hemophilia and despite the regular, prophylactic, and on demand, administration of 
clotting factor in the treatment of hemophilia patients still persists3. 
Hemophilic arthropathy is characterized by two main features: hemophilic synovitis 
and cartilage damage4. It is known that iron, derived from intra-articular red blood 
cells,  plays a central role in the development of both these two main features of HA5. 
Iron increases synovial expression of the proto-oncogene C-MYC and MDM2 (the 
latter, a negative regulator of the p53 tumor suppressor protein), resulting in synovial 
proliferation, hyperplasia, and inhibition of apoptosis6,7. In addition, iron-loaded syno-
vial tissue synthesizes pro-inflammatory cytokines including Interleukin-1β (IL-1β), 
Interleukin-6 (IL-6), and Tumor Necrosis Factor alpha (TNF-α), which in turn stimu-
late the catabolic activity of cartilage chondrocytes causing destruction of cartilage8. 
Besides its effect on synovium, blood-derived iron has direct, synovial independent, 
harmful effects on cartilage. Chondrocyte apoptosis, induced by hydroxyl radicals as 
a result of iron catalyzed H2O2 conversion, results in inhibition of cartilage matrix 
turnover, and an increase in breakdown and release of cartilage matrix 
components9,10. The net result of both events is a loss of cartilage matrix and 
cartilage destruction.
Cellular iron homeostasis depends on coordinated regulation of proteins involved in 
iron uptake, storage, utilization, and export. The last couple of years a rapid advan-
cement of knowledge in iron metabolism has been seen with identification of new 
proteins involved in iron homeostasis, such as ferroportin (FPN), hepcidin, hemo-
globin scavenger receptor CD163 (CD163), heme carrier protein 1 (HCP-1), and 
feline leukemia virus subgroup C (FLVCR). FPN is the only known iron cell exporter 
in the human body, which function is regulated by hepcidin, whereas CD163 is a 
scavenger receptor for hemoglobin, HCP-1 is a cellular heme importer, and FLVCR 
is a cellular heme exporter(11-15). The function of the newly identified iron regulators is 
of interest, as all these proteins regulate components of the iron homeostasis such 
as iron, hemogbolin, and heme, which are abundantly present following a hemar-
throsis and are believed to be involved in the pathophysiology of HA. 
The last couple of years, little progress is made in our understanding of iron uptake, 
storage, and regulation in the pathophysiology of hemophilic arthropathy. Regarding 
the important role of iron in the development of hemophilic synovitis and cartilage 
damage, a better knowledge of the pathogenetic mechanisms of iron in these two 
main features of HA is required. In this respect, the role of the newly identified iron 
regulators in the pathophysiology is of interest and therefor the aim of the present
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study is to identify the presence of FPN, hepcidin, CD163, FLVCR, and HCP-1 in 
human synovial tissue, and to compare the expression of these iron regulator 
proteins in synovial tissue of HA with that of reumatoid arthritis (RA), osteoarthritis 
(OA), and healthy controls (HC).

Materials and Methods

Reagents
Ferroportin (MTP11-A) polyclonal rabbit anti-mouse/human, hepcidin (HEPC13-A) 
polyclonal rabbit anti-mouse, and normal control rabbit IgG were purchased from 
Alpha Diagnostic International (San Antonio, USA). Hepcidin (56-Z) monoclonal 
mouse anti-human, CD163 (GHI/61) monoclonal mouse anti-human, FLVCR (C-16) 
polyclonal goat anti-human, HCP-1 (C-15) polyclonal goat anti-human, and normal 
control mouse and goat IgG were obtained from Santa Cruz Biotechnology Inc. 
(Santa Cruz, USA). Xylene was from Klinipath (Duiven, The Netherlands). Citrate 
buffered target retrieval solution and peroxidase and alkaline phosphatase blocking 
reagent were both from Dako (Glostrup, Denmark). Alkaline phosphatase conjuga-
ted goat anti-mouse/rabbit/rat (DPVO-110AP) was purchased from Immunologic 
(Duiven, The Netherlands). Vectastain ABC-AP kit containing biotinylated rabbit 
anti-goat and avidin-biotin-alkaline phosphatase substrate was obtained from Vector 
Laboratories (Burlingame, USA). Tris(hydroxymethyl)aminomethane (TRIS), 
levamisole, naphthol, hematoxylin solution according to Mayer and all other 
reagents were from Sigma-Aldrich (St. Louis, USA). 

Patients
Synovial tissue samples were obtained during total knee replacement surgery from 
6 patients with OA, from 6 patients with RA, and from 6 patients with HA. Healthy 
human synovial tissue (n=6), thymus, liver, and duodenal tissue (as positive 
controls) were obtained postmortem. All tissues were obtained according to ethical 
regulations of the University Medical Centre Utrecht, The Netherlands.

Mice and induction of hemarthrosis
FVIII deficient mice (B6;129S4-F8tm1kaz/J) were obtained from The Jackson Labora-
tory. The FVIII deficient mice have a FVIII activity of <1% but in contrast to the human 
hemophilia situation do not bleed spontaneously. The mice were housed in low 
density cages to reduce the likelihood of combat-related bleedings and were fed with 
standard diet and water ad libitum. Three to four months old mice (n=6) were anes-
thetized with isofluran/O2. Hemarthrosis was induced in the right knee using a 30 
Gauge needle as previously described16. The left knee served as an unaffected 
control joint. Acetominophen (7mg/6ml), corresponding to an oral dose of 200mg/kg, 
was dissolved in the drinking water and administered ad libitum for pain relief. The 
mice were sacrificed after 24 hours by cervical dislocation. Knee joints were isolated, 
decalcified, saggital sectioned (4μm), and used for immunohistochemistry. Animal 
experiments were reviewed and approved by the University Utrecht animal ethical
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committee.

Immunohistochemistry
Obtained human and murine synovial tissue samples were fixed in 4% paraformal-
dehyde, embedded in paraffin, cut in 4μm thick sections and mounted on glass 
slides. Sections were deparaffinized in xylene and rehydrated in a graded series of 
ethanol baths. For antigen retrieval, sections were incubated in citrate buffered 
target retrieval solution for 40 minutes at 95ºC. Thereafter slides were cooled in 
citrate buffered target retrieval solution for another 40 minutes and washed in PBS 
for 15 minutes. Subsequently, endogenous alkaline phosphatase was blocked with 
Dako’s blocking reagent for 10 minutes at room temperature. Non-specific binding 
was blocked for 10 minutes at room temperature with 10% goat serum or 10% rabbit 
serum in PBS. Sections were then incubated with primary antibodies optimally 
diluted in 2% goat or rabbit serum in PBS. Incubation of the primary antibodies was 
carried out in a wet chamber at 4ºC and overnight. Dilutions of antibodies were as 
follows: FPN (1:200), Hepcidin (1:100), CD163 (1:200), FLVCR (1:100), and HCP-1 
(1:100). Negative controls were incubated with normal mouse or goat IgG. Following 
incubation the slides were washed in PBS for 15 minutes at room temperature. The 
slides were then incubated for 30 minutes at room temperature with alkaline phosp-
hatase conjugated goat anti-rabbit secondary antibody for FPN, hepcidin, and 
CD163, and with biotinylated rabbit anti-goat secondary antibody for FLVCR and 
HCP-1. Subsequently, slides for FLVCR and HCP-1 staining were incubated in 
avidin-biotin-alkaline phosphatase substrate at room temperature for another 30 
minutes. All slides were briefly washed for 1 minute in a TRIS-HCl pH 8.4 solution. 
The reactivity was then visualized with new fuchsin in solution at room temperature 
for 13 minutes. Subsequently, slides were washed for 5 minutes in demineralised 
water, counterstained for 7 minutes with hematoxylin solution according to Mayer17, 
and washed for 10 minutes in running tap water. Finally, sections were air dried and 
mounted on coverslips. Immunostaining was analyzed with an Olympus BX60 
Microscope using x40 objective. Digital images were obtained with a Nikon E990 
camera. For human tissue, synovial expression of FPN, hepcidin, CD163, FLVCR, 
and HCP-1 was quantified by two blinded observers (LN and MW) and was deter-
mined as the percentage positive synovial cells of total cells. In addition, the percen-
tage positive cells in the synovial lining (synovial lining cells), sublining (synovial 
fibroblast, macrophage, lymphocytes), and blood vessels (endothelial cells) was 
determined. In each slide, expression was determined in a total of sixteen grids, 
corresponding with 1mm2. Duodenum was stained as positive control for FPN and 
HCP-1, liver was stained as positive control for hepcidin and FLVCR, thymus was 
stained as positive control for CD163. In murine tissue, the percentage positive cells 
in the synovial lining for FPN, hepcidin, CD163, FLVCR, and HCP-1 was quantified 
by two blinded observers (LN and MW) as well. In each slide, all synovial lining cells 
were examined. For both human and murine tissue, the most conservative data are 
presented, not excluding outliers or data of samples with differences between the 
observers. In all cases, the mean of both blinded observers was calculated and used 
for further calculations. 
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Statistical analysis
Data storage and management was performed with Excel (Microsoft, Redmond, 
USA). Graphic presentation was with GraphPad Prism version 5.00 (GraphPad 
Software, San Diego, USA) and statistical analysis was performed using SPSS 
version 15.0 (IBM, SPSS, Armonk, USA). Data distribution of continuous variables 
was assessed by use of histograms and the Kolmogorov-Smirnov test. Data were 
not normally distributed and did not met the homogeneity of variances assumption 
(Levene statistic). Accordingly, unpaired data were analyzed by Kruskal-Wallis test, 
and paired data by Wilcoxon signed ranks test. Data are shown as median with 5-95 
percentile unless stated otherwise. Statistical significance was denoted at p<0.05. 

Results

Expression of iron regulators in healthy control, osteoarthritic, reumatoid 
arthritic, and hemophilic synovium
To determine the possible role of synovium in iron homeostasis we first investigated 
if the iron regulators FPN, hepcidin, CD163, FLVCR, and HCP-1 were expressed in 
synovium from HC, OA, RA, and HA patients. As shown in figure 1, hemophilic 
arthropathy contained numerous hemosiderin deposits. Furthermore, all the investi-
gated iron regulator proteins were expressed in HC, OA, RA, and HA synovial tissue 
(figure 1). All the iron regulator proteins showed both nuclear and cytoplasm expres-
sion. In general, expression of iron regulators was much more abundant in hemophi-
lic synovial tissue as compared to HC, OA, and RA synovial tissue. FPN was expres-
sed in the synovial lining, sublining, and in blood vessels of HC, OA, RA, and HA 
synovial tissue. Expression of hepcidin was also present in lining, sublining, and 
blood vessels of synovial tissue. Expression of CD163 was rather limited and 
located in the lining and sublining. Both HCP-1 and FLVCR staining was present in 
lining, sublining, and blood vessels of all four origins. The positive controls showed 
the appropriate staining. In all cases negative controls showed no staining (data not 
shown). These findings indicate the presence of iron regulators in human synovial 
tissue and suggest a role for the human synovial tissue in maintaining cellular and 
local iron homeostasis.

Figure 1.  Expression of iron regulators in healthy controls (HC), osteoarthritic (OA), reumatoid 
arthritic (RA), and hemophilic (HA) synovium. Synovial tissues from HC and patients with OA, RA, HA 
were stained for Ferroportin (MTP11-A), Hepcidin (56-Z), CD163 (GHI/61), FLVCR (C-16), and HCP1 
(C-15). (A-C) FPN expression in lining, sublining, and blood vessels in HC, OA, and RA synovium respec-
tively. (D) Abundant FPN expression in blood vessels, sublining, and lining in HA. (E-H) Limited hepcidin 
expression in lining, sublining, and blood vessels in HC, OA, RA, and HA synovium. (I-K) limited CD163 
expression in lining and sublining in HC, OA, and RA synovium. (L) more prominent CD163 expression in 
lining in HA. (M-O) limited FLVCR expression in lining, sublining, and blood vessels in HC, OA, and RA 
synovium, respectively. (P) Prominent FLVCR expression in synovial lining, sublining, and blood vessels 
in HA. (Q-S) HCP1 expression in lining, sublining, and blood vessels in HC, OA, and RA synovium. (T) 
abundant expression of HCP1 in lining, sublining, and blood vessels in HA. (U) FPN staining in duode-
num. (V) Hepcidin staining in liver. (W) CD163 staining in thymus. (X) FLVCR staining in liver. (Y) HCP-1 
staining in duodenum. FPN, ferroportin; HEP, hepcidin; CD163, hemoglobin scavenger CD163; FLVCR, 
heme exporter feline leukemia virus subgroup C cellular receptor 1; and HCP1, heme carrier protein 1.
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Next differences in the expression of these iron regulators between HC, OA, RA, and 
HA synovial tissue was investigated. Therefore, synovial expression of FPN, hepci-
din, CD163, FLVCR, and HCP-1 was quantified by two blinded observers. As seen 
in figure 2, HA synovium expressed statistically significant more FPN, FLVCR, and 
HCP-1 as compared to HC, OA, and RA synovial tissue. The percentage positive 
cells of total cells was 25% in HC synovium and 44% in HA synovium for FPN, 
whereas FLVCR was 50% and 72%, respectively. HCP-1 was 65% in HC synovium 
and 79% in HA synovium. For hepcidin expression the percentage positive cells of 
total cells was not statistically different between all the investigated synovial tissues. 
The percentage positive cells for CD163 expression was higher in HA synovium, but 
was not statistically significant different from HC, OA, and RA synovium. Differences 
between OA, RA, and HC were not statistically significant for the other investigated 
iron regulators.
To determine which component of the synovium (lining, sublining, or blood vessels) 
accounted for the differences in expression of iron regulator proteins between HC, 
OA, RA, and HA synovial tissue, the synovial expression of FPN, hepcidin, CD163, 
FLVCR, and HCP-1 in the lining, sublining, and blood vessels was quantified separa-
tely. Absolute counted cells for HC, OA, RA, and HA were 752 (± 63), 1035 (± 118), 
7833 (± 438), and 3702 (± 378) respectively. As can be seen in figure 3, the percen-
tage positive cells for FPN, FLVCR, and HCP-1 was statistically significantly higher 
in the synovial lining, sublining, and blood vessels in HA synovium as compared to 
HC, OA, and RA synovial tissue. 
The expression of hepcidin in blood vessels was higher in OA and HA synovium as 
compared to RA synovium (figure 3C). Note that these differences in hepcidin 
expression were lost in case the overall expression was analyzed (figure 2). 

Figure 2. Expression of FPN, hepcidin, CD163, FLVCR, and HCP1 in HC, OA, RA, and HA 
synovium. Expression was determined as the percentage positive synovial cells of total cells. Data are 
shown as median with 5-95 percentile from six separate patients. Expression of FPN, FLVCR, and HCP-1 
was statistically significantly higher in HA synovium as compared to HC, OA, and RA synovium. All other 
differences were not statistically significant. * p<0.05, Kruskal-Wallis test. HC, healthy control; OA, 
osteoarthritis; RA, reumatoid arthritis; HA, hemophilic arthropathy; FPN, ferroportin; HEP, hepcidin; 
CD163, hemoglobin scavenger CD163; FLVCR, heme exporter feline leukemia virus subgroup C cellular 
receptor 1; and HCP1, heme carrier protein 1.
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No differences were seen in the overall synovial expression of CD163, but synovial 
lining of CD163 expression in HA as compared to HC synovium was statistically 
higher. Although the total synovial expression of CD163 did not differ between HC 
and RA, a statistically significant higher percentage of CD163 positive lining cells 
was found in RA as compared to HC. Expression of CD163 was marginally in the 
sublining and absent in blood vessels. Interestingly, for FLVCR the percentage 
positive blood vessels was statistically significant lower for RA compared to HC and 
OA.  Consistent with the percentage positive cells of total cells, expression of all the 
investigated iron regulators in the synovial lining, except hepcidin, was increased in 
HA as compared to HC, OA, and RA. This, and the findings that the expression of 
FPN, FLVCR, and HCP-1 was also increased in the synovial sublining and blood 
vessels in HA as compared to HC, OA, and RA, suggests that several synovial cell 
types are involved in remaining synovial iron homeostasis. 

Figure 3. Expression of FPN, hepcidin, CD163, FLVCR, and HCP1 in the lining, sublining, and 
blood vessels in HC, OA, RA, and HA synovium.
Percentage positive cells in the lining (A), sublining (B), and blood vessels (C). Data are shown as median 
with 5-95 percentile from six separate patients. * p<0.05, Kruskal-Wallis test. HC, healthy control; OA, 
osteoarthritis; RA, reumatoid arthritis; HA, hemophilic arthropathy; FPN, ferroportin; HEP, hepcidin; 
CD163, hemoglobin scavenger CD163; FLVCR, heme exporter feline leukemia virus subgroup C cellular 
receptor 1; and HCP1, heme carrier protein 1
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Expression of iron regulators in a murine model of hemarthrosis
The findings above, with increased expression of iron regulators in end stage HA 
human synovial tissue, suggest an adaptation of the synovial tissue in order to 
handle excessive iron load and maintain synovial iron homeostasis. To determine if 
expression of iron regulators is also altered following acute hemarthrosis, a murine 
hemophilia model of acute joint bleeding was used.

We next investigated the synovial lining expression of FPN, hepcidin, CD163, 
FLVCR, and HCP-1. In line with the findings in human synovial tissue, murine syno-
vial tissue showed both nuclear and cytoplasm expression for all the investigated 
iron regulator proteins (figure 5). Confirming the observed difference between HC 
and HA in human synovial tissue, synovial lining expression of FPN, CD163, and 
HCP-1 was altered following acute hemarthrosis in a murine hemophilia model of 
acute joint bleeding. The synovial lining expression increased in the right affected 
knee as compared to the left control knee for FPN (73%±3 vs. 63%±4), CD163 
(60%±6 vs. 41%±7), and HCP-1 (66%±6 vs. 56%±4) (figure 6; all statistically signifi-
cant). Also the expression of FLVCR was on average found higher in the right affec-
ted knee (71%±9) as compared to the left control knee (63%±8), although not 

Figure 4. Induction of hemarthrosis. 
Puncture of the right knee with a 30G needle resulted in a hemarthrosis in hemophilic mice. Gross 
appearance of the left unaffected knee joint (A) and the right punctured knee joint (B). Representative 
histological appearance of the left unaffected knee joint (C) and the right punctured knee joint (D). Both 
erythrocytes and inflammatory cells are present in the right punctured knee (D). In contrast, no evidence 
for the presence of erythrocytes or inflammatory cells was found in the left control knee (C).
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Left (unaffected) Right (punctured)

34



statistically significant. In line with the human data, no difference in the synovial 
lining expression of hepcidin was found. The percentage positive synovial lining cells 
with hepcidin expression was similar for the right punctured knee (21%±2) as 
compared to the left control knee (23%±3).   

Figure 5. FPN, hepcidin, CD163, FLVCR, and HCP-1 expression in synovial lining cells 24 hours 
after induction of hemarthrosis in hemophilic mice. 
Representative immunohistochemical staining of FPN in the left (A) and right knee (B); synovial staining 
of hepcidin in the left (C) and right knee (D); synovial staining of CD163 in the left (E) and right knee (E); 
synovial staining of FLVCR in the left (G) and right knee (H); synovial staining of HCP-1 in the left (I) and 
right knee (J). FPN, ferroportin; HEP, hepcidin; CD163, hemoglobin scavenger CD163; FLVCR, heme 
exporter feline leukemia virus subgroup C cellular receptor 1; and HCP1, heme carrier protein 1.
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Figure 6. Synovial expression of FPN, hepcidin, CD163, FLVCR, and HCP-1 24 hours after induc-
tion of hemarthrosis in hemophilic mice. 
Quantification of synovial lining expression of FPN (A), hepcidin (B), CD163 (C), FLVCR (D), and HCP-1 
(E)  expressed as percentage positive synovial cells of total cells. Data are shown from six separate mice. 
* p<0.05, Wilcoxon signed ranks test. FPN, ferroportin; HEP, hepcidin; CD163, hemoglobin scavenger 
CD163; FLVCR, heme exporter feline leukemia virus subgroup C cellular receptor 1; and HCP1, heme 
carrier protein 1.

Discussion

In this study, we demonstrate for the first time the presence of the iron regulator 
proteins FPN, hepcidin, FLVCR, and HCP-1 in human synovium. These iron regula-
tor proteins were all present in relatively high numbers in the lining, sublining, and 
blood vessels, indicating the importance of maintaining synovial iron homeostasis. 
Enhanced expression of FPN, CD163, FLVCR, and HCP-1 was found in synovial 
tissue from patients with HA as compared to HC. The data presented herein also 
show enhanced expression of FPN, CD163, and HCP-1 in a murine hemophilia 
model of acute joint bleeding. In both the human and murine experiments no alterati-
ons in the expression of hepcidin was noted. 
Tight regulation of iron homeostasis is of vital importance for normal cellular function. 
Previous work indicated a central role for iron in the development of synovitis and 
cartilage damage in the pathophysiology of HA4,5. Iron has disturbing effects on both 
synovium and cartilage. Iron induces synovial proliferation and hyperplasia, it 
inhibits synovial apoptosis, it stimulates the synovial production of pro-inflammatory 
cytokines, such as IL-1-β, IL-6, and TNF-α, and by inducing hydroxyl radical forma-
tion it stimulates chondrocyte apoptosis and cartilage destruction6-8,18 
It is known that the synovial tissue, and in particular the macrophage-like type A
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synoviocytes, which are derived from blood-borne mononuclear cells, perform a 
pivotal role in the clearance of erythrocytes, heme, hemoglobin, and erythrocyte-
derived iron which are all present after a hemarthros19. Indeed, early electron micros-
copy studies confirm a role for synoviocytes and invading macrophages in the remo-
val of blood with erytrophagocytosis as soon as 4 hours after induction of 
hemarthrosis20,21.  The erythrocyte-derived iron and the process of erytrophagocyto-
sis will burden the synovial tissue with iron. Synovial tissue depends on iron regula-
tor proteins to maintain cellular iron homeostasis and to adapt to an environment 
with an excess of iron. Therefore, it is not surprising that several iron regulator 
proteins, such as ferritin, transferrin receptor, divalent metal transporter-1, and heme 
oxygenase-1 (HO-1) have been detected in synoviocytes in synovial tissue22,23.  
In this study we first investigated the presence of the iron regulator proteins FPN, 
hepcidin, CD163, FLVCR, and HCP-1 in human synovium. Our data demonstrate for 
the first time that human synovial tissue expresses all the investigated iron regulator 
proteins.
It is known that the investigated iron regulator proteins have different functions in iron 
homeostasis. Ferroportin for example, is a transmembrane protein that exports iron 
from the inside of a cell to the outside. It has been found in the basolateral surface 
of duodenal enterocytes, macrophages, and hepatocytes11,24,25. In this way, FPN 
facilitate the transport of absorbed iron from enterocytes into the circulation and 
allows macrophages to recycle iron after erytrophagocytosis. 
Hepcidin, the major regulator of FPN, is produced by the liver and in small amounts 
by inflammatory monocytes and macrophages26-28. Hepcidin is upregulated in 
response to increased body iron levels, inflammation, and infection, and is downre-
gulated in response to iron deficiency, ineffective erytropoiesis, and hypoxia11-15,29,30. 
Hepcidin interacts with FPN resulting in its internalization and degradation13,25.Thus, 
in case of increased iron levels or inflammation and infection, hepcidin levels incre-
ase, resulting in downregulation of FPN, and subsequently cellular iron retention.
Hemoglobin scavenger receptor CD163 is a scavenger receptor expressed exclusi-
vely by cells of the monocyte-macrophage lineage31. Only recently it has been 
characterized as a scavenger receptor for hemoglobin, mediating endocytosis of 
hemoglobin:haptoglobin (Hb:Hp) complexes12. During hemolysis, free Hb binds to 
Hp, and Hb:Hp complexes are formed. In this way Hp neutralizes the toxicity of 
Hb-derived heme and iron, which are able to cause tissue damage by catalyzing the 
production of hydroxyl radicals by the Fenton reaction32. CD163 exhibits high-affinity 
for the Hb:Hp complexes and a low-affinity for Hb12. Haptoglobin alone does not bind 
the receptor12. The Hb:Hp complex is degraded after CD163-mediated internaliza-
tion and the Hb-derived heme is converted by HO-1 into Fe(II), carbon monoxide, 
and biliverdin12. Subsequently, Fe(II) binds to the iron-chelating protein ferritin33. The 
sequestering of ferrous iron inhibits iron-mediated production of hydroxyl radicals by 
the Fenton reaction. 
The heme carrier protein 1 is only recently discovered15,34. HCP-1 is the first charac-
terized mammalian cellular heme importer. It is reported to be expressed in duode-
num, liver, kidney, and macrophages15,35. In macrophages, HCP-1 is found in early 
endosomes where it co-localizes with endocytosed Hb:Hp complexes imported by
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CD16335.
Feline leukemia virus subgroup C cellular receptor 1 is another recently discovered 
heme transporter. This heme transporter was initially characterized as the cell 
surface protein receptor for feline leukemia virus subgroup C which causes severe 
anemia in infected cats36. Only recently it has been demonstrated that FLVCR is 
acting on the basolateral membrane as an active exporter of heme14,37. It is suspec-
ted that FLVCR, expressed in placenta, kidney, brain, duodenum, liver, and macro-
phages, functions as a safety valve to protect heme toxicity. For example, in macro-
phages erythrocytes are phagocytosed and digested, hemoglobin is degraded to 
heme, and heme is metabolized to iron, which is subsequently exported through 
ferroportin or stored as ferritin. In case of heme overload, intact heme will be expor-
ted by FLVCR37. 
We next compared the synovial expression of the iron regulator proteins in HA to HC. 
Our study demonstrated the enhanced expression of FPN, CD163, FLVCR, and 
HCP-1 in HA synovial tissue. Expression of FPN, FLVCR, and HCP-1 was present in 
synovial lining cells and blood vessels, whereas enhanced CD163 expression was 
only present in the synovial lining. These findings suggest that iron can be both 
exported and imported from the synovial fluid and the systemic circulation. From our 
data it is not possible to say what the preferable route of iron is. Enhanced expres-
sion of FPN, FLVCR, and HCP-1 was also noted in the sublining of HA indicating that 
several cell types are involved in maintaining iron homeostasis. The enhanced 
expression may reflect an adaptation mechanism providing the synovial tissue with 
regulator proteins to handle the burden of iron, to maintain iron homeostasis, and to 
prevent the development of synovitis.
Interestingly no alteration in hepcidin expression, the most important posttranscrip-
tional regulator of FPN, was found. Hepcidin is upregulated in response to increased 
iron levels and acute inflammation mediated by IL-1β and IL-638. Both are present in 
varying degree in OA, RA, and HA, but we found no differences in hepcidin expres-
sion. It remains speculative why no alterations in hepcidin expression was found, as 
the iron sensing and signaling pathway involving hepcidin is complex and includes 
several components as hemojuvelin, bone morphogenetic proteins, and inflamma-
tory cytokines39,40. The absence of increased hepcidin expression however may 
reflect a protective mechanism, as increased synovial hepcidin expression would 
result in hampered FPN-mediated synovial iron efflux, iron accumulation, and the 
onset of synovitis. 
Our findings in HA synovial tissue, which suffered from repeated joint bleedings, 
were confirmed in a murine hemophilia model of acute joint bleeding. Even after a 
single joint bleeding an increase in synovial expression of FPN, CD163, and HCP-1 
was observed. This suggests that after a single joint bleeding the synovial tissue 
increases the expression of the iron regulator proteins, and with that augments the 
capacity to handle iron in order to maintain synovial iron homeostasis. Note, that in 
the murine hemophilia model and in line with the findings in the human HA synovial 
tissue, no differences were found in hepcidin expression after a single joint bleeding. 
Even more interesting and in contrast to the condition in human HA synovial tissue 
upon repeated joint bleedings, no statistically significant alterations were found in
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murine FLVCR expression after a single bleeding. As FLVCR functions as a safety 
valve to protect against heme toxity, a possible explanation for this finding would be 
that the heme levels after a single joint bleeding were (still) not high enough to 
induce FLVCR expression.
All together, these data indicate the presence of the iron regulator proteins FPN, 
hepcidin, CD163, FLVCR, and HCP-1 in human synovium, show an enhanced 
expression of FPN, CD163, FLVCR, and HCP-1 expression in human HA synovium 
after repeated joint bleedings and in murine synovium upon a single joint bleeding in 
a hemophilia model of acute joint bleeding, and suggest a possible synovial adapta-
tion mechanism to maintain iron homeostasis in an environment with an excess of 
iron. 
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Abstract

Objective:

Joint bleedings result in iron-mediated synovitis and cartilage destruction. 
Monocyte/macrophage polarization affects their role in iron homeostasis. This study 
evaluates the effects of hemarthrosis on monocyte/macrophage polarization. 

Methods:

Using a murine hemophilia model of acute joint bleeding and flow cytometry, we 
evaluated monocyte/macrophage polarization in blood, spleen, synovium, and knee 
lavage at day 1, 2, and 7 following the induction of hemarthrosis.

Results:

Induction of hemarthrosis resulted in a transient shift of blood monocytes towards a 
M1 type (control 13 vs. 1847 counted cells at day 1; p<0.01), a temporary decrease 
of spleen M1 monocytes (control 2841 vs. 1086 counted cells at day 1; p=0.02), and 
a sustained decrease of spleen M2 red pulp macrophages (control 1853 vs. 673 
counted cells at day 7; p=0.01). In addition, an increase in M1 (control 119 vs. 592 
counted cells at day 1; p=0.04) and M2 (control 247 vs. 650 counted cells at day 1; 
p=0.02) synovial macrophages was noted. In the joint lavage, a temporary increase 
in M1 monocytes (control 20 vs. 125 counted cells at day 1; p=0.04) and a more 
sustained increase in M2 monocytes (control 73 vs. 186 counted cells at day 2; 
p<0.01) was observed.

Conclusion:

This study demonstrates alterations in monocyte/macrophage polarization following 
hemarthrosis resulting in a blood monocyte M1 phenotype and a combined M1-M2 
monocyte/macrophage phenotype in the joint. Based on the different capabilities of 
M1 and M2 cells, modulating polarization of distinct monocyte/macrophage populati-
ons might represent interesting prophylactic or therapeutic approaches for joint 
bleedings. 
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Introduction

Monocyte and macrophage populations are heterogeneous and are able to polarize, 
depending on micro-environmental stimuli. Classically activated or M1 monocytes 
and macrophages are induced by microbial agents such as lipopolysaccharides and 
Th1 pro-inflammatory cytokines such as interferon-ɣ, whereas alternatively activated 
or M2 monocytes and macrophages are induced by other stimuli including transfor-
ming growth factor beta, interleukin-4 (IL-4), interleukin-10 (IL-10), and interleukin-
131;2. The two polarized monocyte and macrophage populations are functionally 
different: M1 cells have inflammatory functions, produce high levels of 
pro-inflammatory cytokines, produce reactive nitrogen and oxygen intermediates, 
and have bactericidal activity. M2 cells have immunoregulatory functions, help in 
parasite clearance, have increased phagocytic activity, and are involved in matrix 
remodeling, angiogenesis and wound healing3. Regarding their functions, M1 cells 
are also referred to as ‘inflammatory’ monocytes/macrophages, whereas M2 cells 
are also referred to as ‘patrolling’ monocytes/macrophages. 
In addition to their role in immunity, monocytes and macrophages also play a critical 
role in maintaining iron homeostasis by phagocytosis of erythrocytes and scaven-
ging of hemoglobin, haptoglobin-hemoglobin complexes, haem, and ferrous iron by 
designated iron regulator proteins4-6. Recent studies have revealed that monocyte 
and macrophage polarization affects their role in iron homeostasis7-9. M1 cells have 
low iron regulatory protein 1 and 2 binding activity, express high levels of the iron 
storage protein ferritin (Ft), express low levels of membrane iron regulator proteins 
such as transferring receptor 1 (TfR1), CD163 hemoglobin/haptoglobin, and the iron 
exporter ferroportin (FPN), and have limited iron internalization and release 
capacities7-9. In contrast, M2 cells have high iron regulatory protein 1 and 2 binding 
activity, express low levels of Ft, express high levels of TfR1, CD163, and FPN, and 
have effective iron internalization and release capacities, in agreement with their role 
as ‘patrolling’ cells7-9.
In case of major joint surgery, or joint trauma, blood enters the joint cavity and has to 
be removed by the synovial tissue to prevent the toxic activity of red blood cell 
components. A disease with a repeated burden of iron, as indicated by the presence 
of synovial iron deposits, is hemophilic arthropathy (HA). Single traumatic bleedings 
and most clearly repeated joint bleedings in hemophilia but expectedly also due to 
trauma or major joint surgery result in blood-induced joint damage or HA. This 
arthropathy is characterized by two main features: synovitis and direct cartilage 
damage10-12. 
To date, no data are available on monocyte/macrophage polarization and its effects 
on iron homeostasis in the setting of hemarthrosis in general and hemophilic arthro-
pathy more specific. Therefore, in this study, we evaluated the effects of hemarthro-
sis on monocyte/macrophage polarization in a murine hemophilia model of acute 
joint bleeding.
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Materials and Methods

Mice, animal care, and hemarthrosis model
FVIII deficient mice (B6;129S4-F8tm1kaz/J) (n=40) were obtained from The Jackson 
Laboratory. The FVIII deficient mice have a FVIII activity of <1% but instead of the 
human hemophilia situation do not bleed spontaneously. The mice were housed in 
filter top cages and in low density to reduce the likelihood of combat-related 
bleedings and were fed with standard diet and water ad libitum. Three to four months 
old mice were anesthetized with isofluran/O2 and the hair over both knee joints was 
removed. Ten of the total group of 40 FVIII deficient mice were left untouched 
(overall baseline control group) and sacrificed immediately. In the remaining 30 mice 
hemarthrosis, mimicking a single joint bleed as seen in humans upon trauma, major 
joint surgery, or hemophilia, was induced in the right knee  using a 30 Gauge needle 
as previously described13. The left knee of these mice served as an unaffected 
internal control joint. At one, two, and seven days following the induction of hemar-
throsis ten mice at each individual time point were sacrificed. Acetominophen 
(200mg/kg) was dissolved in the drinking water and administered ad libitum for pain 
relief. All animals received care in compliance with the European Convention on 
Animal Care and all animal experiments were reviewed and approved by the institu-
tional animal ethical committee.

Isolation of cells
In control mice and one, two, and seven days after the induction of hemarthrosis, 
blood was collected via a cheek puncture of the submandibular vein, and the mice 
(n=10 for each individual time point) were sacrificed by cervical dislocation. Subse-
quently, a joint lavage was performed, synovial tissue was obtained, and the spleen 
was isolated.
Blood obtained from the cheek puncture was mixed with 0.5M EDTA in a ratio of 1:9 
with the total collected blood volume. The collected blood was then mixed in a ratio 
of 1:20 with red blood cell (RBC) lysis solution consisting of ammonium chloride, 
sodium bicarbonate, disodium EDTA, and aquadest, and incubated for 5 minutes. 
Subsequently, the reaction mixture was centrifuged at 1500g for 2 minutes at 4ºC. 
Supernatants were discharged, the remaining cell pellet was dissolved in FACS 
buffer consisting of PBS and 1% fetal calf serum (FCS), and centrifuged at 1500g for 
5 minutes at 4ºC. After centrifuging, supernatants were discharged and the remai-
ning cell pellet was dissolved and incubated for 5 minutes at 4ºC in FACS buffer 
containing 1% FC block (anti-CD16/CD32) (eBioscience; San Diego, USA).
Directly postmortem, the knee joints were punctured with a 36 Gauge 10µl syringe 
(Hamilton; Reno, USA) and a joint lavage of both knee joints was performed with 6µl 
FACS buffer. The lavage was mixed with 250µl FACS buffer and centrifuged at 
1500g for 5 minutes at 4ºC. Next, supernatants were discharged and the remaining 
cell pellet was dissolved and incubated for 5 minutes at 4ºC in FACS buffer contai-
ning 1% FC block.
To obtain synovial cells, the synovial tissue was removed from the knee joints. 
Fibrous, adipose, and cartilage tissue were removed and the remaining synovial
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tissue was cut in small pieces and digested for 2 hours at 37°C in RPMI (Gibco-Life 
Technologies; Paisley, UK) containing 1.5 mg/ml of type IV collagenase, 1.5 mg/ml 
of dispase (both from Worthington; Lakewood, USA), and 1% FCS. After removal of 
tissue debris by means of a 70μM cell strainer, the synovial cells were washed in 1% 
FCS-RPMI and centrifuged at 350g for 10 minutes at 4ºC. Subsequently, superna-
tants were discharged and the remaining cell pellet was dissolved and incubated for 
5 minutes at 4ºC in FACS buffer containing 1% FC block. 
For isolation of murine spleen cells, the spleen was removed and purified in RPMI 
containing 1% FCS to obtain a single cell suspension. The single cell suspension 
was filtered over a  70μM cell strainer and centrifuged at 460g for 10 minutes at 4ºC. 
Supernatants were discharged, the remaining cell pellet was dissolved in 1% FCS-
RPMI, mixed in a ratio of 1:20 with RBC lysis solution, and incubated for 5 minutes. 
Subsequently, 1% FCS-RPMI was added to obtain a total volume of 20ml and the 
mixture was centrifuged at 351g for 10 minutes at 4ºC. After centrifuging, superna-
tants were discharged and the remaining cell pellet was dissolved and incubated for 
5 minutes at 4ºC in FACS buffer containing 1% FC block. 

Flow Cytometry 
For flow cytometry assays, in all cases freshly isolated cells were used. All antibo-
dies were from eBioscience (San Diego, USA) unless indicated otherwise. Briefly, 
the freshly isolated cells were  incubated with FITC-conjugated monoclonal rat 
anti-mouse CD19 (eBio1D3) antibody, PE-Cy7-conjugated monoclonal Armenian 
hamster anti-mouse CD3 (145-2C11) antibody, FITC-conjugated monoclonal rat 
anti-mouse CD11b (M1/70) antibody, eFluor-conjugated monoclonal Armenian 
hamster anti-mouse CD11c (N418) antibody, APC-conjugated monoclonal rat 
anti-mouse CD115 (AFS98) antibody, PE-conjugated monoclonal rat anti-mouse 
Ly-6C (HK1.4) antibody, PE-conjugated monoclonal rat anti-mouse CD86 (GL1) 
antibody, PE-Cy7-conjugated monoclonal rat anti-mouse F4/80 (BM8) antibody, 
eFluor-conjugated monoclonal rat anti-mouse CD11b (M1/70) antibody, FITC-
conjugated monoclonal rat anti-mouse CD45 (30-F11) antibody, PE-conjugated 
monoclonal rat anti-mouse Ly-6G (Gr-1) (RB6-8C5) antibody, polyclonal rabbit 
anti-mouse CD163 (M-96) antibody (Santa Cruz Biotechnology; Santa Cruz, USA), 
and fluorochrome-conjugated isotype control antibodies for 30 minutes at 4ºC in the 
dark. For CD163 expression, after incubation with the primary antibody, the cells 
were washed in FACS buffer, centrifuged at 2000g for 5 minutes at 4ºC, and subse-
quently incubated with PERCP-conjugated secondary goat anti-rabbit antibody 
(Santa Cruz Biotechnology; Santa Cruz, USA) for another 30 minutes at 4ºC in the 
dark. After a final washing and centrifuging step, all incubated cells were fixated in 
2% paraformaldehyde and analyzed using the FACSCanto (BD Biosciences, Fran-
klin Lakes, USA) and FlowJo software (Tree Star Inc., Oregon, USA). In general the 
gating strategy consisted of definition of live gate and eliminating debris, exclusion 
of B-, T-, and dendritic cells, and determination of M1-M2 monocyte/macrophage 
polarization with different mixtures of antibodies (addendum-supplementary figures 
1-4). Individual samples were completely analyzed and the M1-M2 
monocyte/macrophage polarization was determined as absolute cell count.
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Statistical analysis
Data storage and management was with Excel (Microsoft, Redmond, USA). Graphic 
presentation was with GraphPad Prism version 5.00 (GraphPad Software, San 
Diego, USA) and statistical analysis was performed using SPSS version 15.0 (IBM, 
SPSS, Armonk, USA). Data are shown as mean ± SEM unless stated otherwise. 
Data distribution was assessed by use of histograms and the Kolmogorov-Smirnov 
test. Data were normally distributed and met the homogeneity of variances assump-
tion (Levene statistic). Accordingly, unpaired data were analyzed by one way 
independent ANOVA with post hoc Tukey’s test. Paired data were analyzed by 
paired-samples t-test. Statistical significance was denoted at p≤0.05. 

Results

Induction of hemarthrosis
Puncture of the right knee in the mice resulted in macroscopically visible hemarthro-
sis. In contrast, the left unaffected knee joint showed no signs of bleeding. Both 
unaffected knee joints in the control baseline group did not show signs of bleeding. 
Characteristics of the hemarthrosis (e.g. thickness of the joint) gradually decreased 
over time. 

Gating strategy and cell count of blood M1 and M2 monocytes
To identify subsets of mouse blood monocytes, the blood cell fraction was stained 
with different mixtures of antibodies. M1 or ‘inflammatory’ monocytes (CD3-, CD19-, 
CD11b+, CD115+, Ly-6C+) and M2 or ‘patrolling monocytes’ (CD3-, CD19-, CD11b+, 
CD115+, Ly-6C-) were identified according to the literature. (supplementary figure 
1)14. In control mice without a hemarthrosis in the right knee, almost all blood mono-
cytes where M2 monocytes (2006±143 cells) and virtually none of the blood mono-
cytes where M1 monocytes (13±5 cells) (figure 1). As compared to the control group, 
induction of hemarthrosis in the right knee resulted in a statistically significant but 
temporary decrease in blood M2 monocytes in favor of an increase in blood M1 
monocytes, that within 7 days gradually returned towards control conditions again. 
At day 1, 2, and 7 following the induction of hemarthrosis the number M2 monocytes 
were 600±218 cells (p<0.01, compared to control),  775±362 cells (p=0.01), and 
1319±239 cells (p=0.28). In comparison to control mice, the number of blood M1 
monocytes increased at day 1 (1847±386 cells; p<0.01, compared to control), and 
subsequently gradually returned towards baseline values at day 2 (1236±139 cells; 
p<0.01) and at day 7 (560±167 cells; p=0.39).Gating strategy and cell count of M1 
and M2 red pulp macrophages and monocytes in murine spleen
Murine spleen M1 or ‘inflammatory’ red pulp macrophages (CD19-, CD3-, CD11c-, 
CD11b-, F4/80+, MHC1+, MHC2+, CD86+, CD163-) and M2 or ‘patrolling’ red pulp 
macrophages (CD19-, CD3-, CD11c-, CD11b-, F4/80+, MHC1-, MHC2-, CD86-, 
CD163+) were identified according to the literature (supplementary figure 2)15. Follo-
wing the induction of hemarthrosis a gradual decrease in the amount of M2 spleen 
macrophages was observed (figure 2). This decrease became statistically significant 
at day 7 (673±107 cells; p=0.01) following the induction of hemarthrosis as
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compared with control mice (1853±315 cells). This was accompanied by an increase 
in the amount of M1 spleen macrophages following  the induction of hemarthrosis, 
nearing towards statistical significance at day 7 as compared with control mice 
(3155±766 cells vs. 1284±135; p=0.08).

Figure 1. Hemarthrosis results in a shift of blood monocytes towards an inflammatory or M1 type.
Cell count of M2 or ‘patrolling’ monocytes (CD11b+, CD115+, Ly-6C-) and M1 or ‘inflammatory’ monocytes 
(CD11b+, CD115+, Ly-6C+) as assessed by flow cytometry in hemophilic mice without a hemarthrosis 
(control), and in hemophilic mice 1 day (t=1), 2 days (t=2), and 7 days (t=7) following the induction of 
hemarthrosis in the right knee. Data are shown as mean ± SEM of ten separate animals. * P<0.05, with 
the use of one way independent ANOVA and post hoc Tukey’s test.

Figure 2. Hemarthrosis results in a decrease of spleen M2 or patrolling red pulp macrophages.
Cell count of M2 or ‘patrolling’ macrophages (CD11c-, CD11b-, F4/80+, MHC1-, MHC2-, CD86-, CD163+) 
and M1 or ‘inflammatory’ macrophages (CD11c-, CD11b-, F4/80+, MHC1+, MHC2+, CD86+, CD163-) as 
assessed by flow cytometry in hemophilic mice without a hemarthrosis (control), and in hemophilic mice 
1 day (t=1), 2 days (t=2), and 7 days (t=7) following the induction of hemarthrosis in the right knee. Data 
are shown as mean ± SEM of ten separate animals. * P<0.05, with the use of one way independent 
ANOVA and post hoc Tukey’s test.
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Murine M1 or ‘inflammatory’ spleen monocytes were identified as CD19-, CD3-, 
CD11c-, CD11b+, CD115+, Ly-6C+ cells, whereas murine M2 or ‘patrolling’ spleen 
monocytes were identified as CD19-, CD3-, CD11c-, CD11b+, CD115+, Ly-6C- cells 
(supplementary figure 2). As compared to control mice (170±46 cells) no significant 
change was found in the cell count of M2 spleen monocytes following the induction 
of hemarthrosis for day 1 (320±125 cells), day 2 (100±55 cells), and day 7 (358±108 
cells) (figure 3). On the other hand, induction of hemarthrosis resulted in a clear but 
transient decrease in M1 spleen monocytes. This decrease was statistically signifi-
cant (p=0.02) at day 1 (1086±213 cells) as compared to control mice (2841±267 
cells). The decrease in M1 spleen monocytes normalized in time to values compara-
ble to controls with an increase in the amount of M1 spleen monocytes at day 2 
(1835%±518 cells) and at day 7 (2729±583 cells). 

Gating strategy and cell count of M1 and M2 macrophages in synovial tissue
Next synovial macrophages (CD11b+, CD45+) were identified according to the 
gating strategy shown in supplementary figure 4. Considering the M1 and M2 syno-
vial macrophages, under control conditions more M2 or ‘patrolling’ macrophages 
were found: 222±31 and 242±38 cells for the left and right knee respectively, as 
compared with M1 or ‘inflammatory’ macrophages: 57±16 and 77±18 cells for the left 
and right knee respectively (figure 4). The cell count of M1 and M2 synovial macro-
phages of the left unaffected knee did not change over time after the induction of 
hemarthrosis in the other knee. 
In the experimental joints, a clear but transient increase in both M1 and M2 synovial 
macrophages was found. This increase in both synovial macrophage phenotypes at 
day 1 was statistically significant in comparison with the baseline control condition 

 

Figure 3. Hemarthrosis results in a temporary decrease of spleen M1 or inflammatory monocytes.
Cell count of M1 or ‘inflammatory’ monocytes (CD11c-, CD11b+, CD115+, Ly-6C+) and M2 or ‘patrolling’ 
monocytes (CD11c-, CD11b+, CD115+, Ly-6C-) as assessed by flow cytometry in hemophilic mice without 
a hemarthrosis (control), and in hemophilic mice 1 day (t=1), 2 days (t=2), and 7 days (t=7) following the 
induction of hemarthrosis in the right knee. Data are shown as mean ± SEM of ten separate animals. * 
P<0.05 with the use of one way independent ANOVA and post hoc Tukey’s test.
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(650±75 cells vs. 242±38 cells, p<0.01; and 592±188 cells vs. 77±18 cells, p<0.01; 
for M2 and M2, respectively). This increase was relatively stronger for M1 as compa-
red to M2 synovial macrophages 715±203% and 293±41%, p=0.01).
Comparing the left unaffected knee with the right punctured knee one day following 
the induction of hemarthrosis, a statistically significant increase in M2 synovial 
macrophages, 247±95 vs. 650±75 cells (p=0.02), M1 synovial macrophages, 
119±65 vs. 592±188 cells (p=0.04), was noted. 
In time, the increase in both synovial macrophage phenotypes was transient and at 
day 2 and at day 7 absolute cell counts for both M1 and M2 synovial macrophages 
were not statistically different from the baseline control condition or contra-lateral 
control joint anymore.

Gating strategy and cell count of M1 and M2 monocytes in joint lavages
Finally monocytes (CD11b+, CD115+) in the lavage of the knee joints were identified 
(supplementary figure 5). In control mice the M2 or ‘patrolling’ monocytes cell counts 
were similar for the left (46±5 cells) and right knee joint (54±4 cells) (figure 5). Also 
the M1 or ‘inflammatory’ monocytes cell counts were similar for the left (6±1 cells) 
and right knee joint (7±2 cells). As expected the cell counts of M1 and M2 monocytes 
in the joint lavage of the left unaffected knee did not change in time. 
In contrast and compared to the control condition, in the experimental joints an incre-
ase in both phenotypes of monocytes was noted. This increase in both synovial 
macrophage phenotypes at day 1 was statistically significant in comparison with the 
control condition (249±45 cells vs. 54±4 cells, p<0.01; and 125±48 cells vs. 7±2 
cells, p<0.01; for M2 and M1, respectively). This increase was relatively stronger 

Figure 4. Hemarthrosis results in a temporary increase of M1 and M2 synovial macrophages. 
Cell count of M1 or ‘inflammatory’ synovial macrophages (CD11b+, CD45+, MHC1+, MHC2+, CD86+, 
CD163-) and M2 or ‘patrolling’ synovial macrophages (CD11b+, CD45+, MHC1-, MHC2-, CD86-, 
CD163+) in the left and right knee as assessed by flow cytometry in hemophilic mice without a hemarthro-
sis (control), and in hemophilic mice 1 day (t=1), 2 days (t=2), and 7 days (t=7) following the induction of 
hemarthrosis in the right knee. Data are shown as mean ± SEM of ten separate animals. * P<0.05 compa-
red with baseline control group with the use of one way independent ANOVA and post hoc Tukey’s test. # 
P<0.05 compared with the left unaffected knee with the use of the paired-samples t-test.
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for M1 as compared to M2 synovial macrophages 2753±863% and 409±99%, 
p=0.02). The increase in both monocyte phenotypes was transient, with only the cell 
count of M2 or ‘patrolling’ monocytes being statistically significant (p=0.05) in 
comparison to the baseline control condition at day 2 (186±34 cells vs. 54±4 cells). 
Comparing the left unaffected knee with the right knee one day following the induc-
tion of hemarthrosis, a statistically significant increase in the cell count of M2 or 
‘patrolling’ monocytes for the right knee (249±45 cells) as compared to the left knee 
joint (57±13 cells) was observed at day 1 (p<0.01). In addition, a statistically signifi-
cant increase in the cell count of M1 or ‘inflammatory’ monocytes for the right knee 
joint (125±48 cells) as compared to the left knee joint (20±8 cells) was noted 
(p=0.04). Two days following the induction of hemarthrosis, a statistically significant 
difference in the cell count of M2 or ‘patrolling’ monocytes for the right knee joint 
(186±32 cells) as compared to the left knee joint (73±22 cells) remained present 
(p=0.05). The cell count of M1 or ‘inflammatory’ monocytes for the right knee joint as 
compared to the left knee joint was not longer statistically significant different. 
In time, the increase in both synovial macrophage phenotypes was transient and at 
day 7 absolute cell counts for both M1 and M2 synovial macrophages were not 
statistically different from the baseline control condition or contra-lateral control joint 
anymore. 

Figure 5. Hemarthrosis results in a temporary increase of M1 and M2 monocytes in the lavage of 
the right knee joint.  
Cell counts of M1 or ‘inflammatory’ monocytes (CD11b+, CD115+, Ly-6C+) and M2 or ‘patrolling’ monocy-
tes (CD11b+, CD115+, Ly-6C-) in the left and right knee as assessed by flow cytometry in hemophilic mice 
without a hemarthrosis (control), and in hemophilic mice 1 day (t=1), 2 days (t=2), and 7 days (t=7) 
following the induction of hemarthrosis in the right knee. Data are shown as mean ± SEM of ten separate 
animals. * P<0.05 compared with baseline control group with the use of one way independent ANOVA and 
post hoc Tukey’s test. # P<0.05 compared with left unaffected knee with the use of the paired-samples 
t-test.
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Discussion

In this study, using an in vivo murine model, we provide evidence that hemarthrosis 
alters monocyte and macrophage polarization locally and peripheral and with that 
may alter their functionality in iron homeostasis. Following hemarthrosis, we 
observed a transient shift in blood monocytes towards an ‘inflammatory’ or M1 type. 
In addition, hemarthrosis resulted in a temporary decrease of spleen M1 monocytes 
and a gradual sustained decrease of spleen M2 monocytes and an increase in M1 
red pulp macrophages. Locally an transient increase in M1 and M2 synovial tissue 
macrophages following hemarthrosis was observed and a transient increase in M1 
and M2 monocytes, the first short, the latter more sustained, in the lavage (joint fluid) 
of a hemarthrosis knee joint.   
In contrast to lymphocytes where phenotypic changes are largely ‘fixed’, both mono-
cytes and macrophages are renowned for their phenotypic heterogeneity. In 
response to microenvironmental stimuli monocytes and macrophages can be functi-
onally polarized into M1 or ‘inflammatory’ and M2 or ‘patrolling’ cells. Recently, it has 
become clear that functional polarization influence the ability of monocytes and 
macrophages to manage iron in conditions of iron overload or deficiency. M1 cells 
were found to have limited iron internalization and release capacities, whereas M2 
were found to have effective iron internalization and release capacities7-9. 
In hemophilic control mice virtual all blood monocytes were M2 or ‘patrolling’ mono-
cytes. It is known that patrolling monocytes exhibit a constitutive long-range crawling 
on the luminal side of the endothelium. In the absence of overt inflammation, extra-
vasation is a rare event observed in less than 1% of the crawling cells16. Following 
hemarthrosis, we observed a shift in blood monocytes towards a M1 or ‘inflamma-
tory’ type. This shift is probably the result from exposure to pro-inflammatory cytoki-
nes released in reaction to the hemarthrosis. In addition, and in response to inflam-
mation or tissue damage, M2 or ‘patrolling’ monocytes extravasate rapidly within 1h, 
invade the surrounding tissues, and initiate a macrophage differentiation program 
into M2 or ‘patrolling’ macrophages16-18. The extravasation of these M2 blood mono-
cytes contributes to a shift of blood monocytes towards a M1 or ‘inflammatory’ type. 
Next, peripheral inflammation stimulates the production of monocytes in the bone 
marrow and their subsequent release into the circulation. When this is substantial, 
there is a skewing of the blood monocyte population towards a higher frequency of 
M1 or ‘inflammatory’ monocytes19. Over time the inflammatory reaction following the 
hemarthrosis subsides and with that a gradual decrease of M1 or ‘inflammatory’ 
monocytes and a normalization of blood M2 or ‘patrolling’ monocytes was observed
Splenic red pulp macrophages are highly specialized erythrophagocytic cells and 
are involved in removing senescent red blood cells, capturing circulating hemoglobin 
and iron regulation20. In our study, hemarthrosis resulted in a decrease of spleen M2 
or patrolling red pulp macrophages. It remains speculative, but this may be the result 
of the presences of an increase in damaged red blood cells and circulating hemo-
globin following the hemarthrosis.
We observed a temporary decrease in splenic M1 or ‘inflammatory’ monocytes. This 
is in agreement with the findings of others demonstrating a decrease in splenic
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monocytes following myocardial infarction and is in line with the current identification 
of splenic monocytes as a reservoir population with the ability to deploy to distant 
inflammatory sites21;22. 
Following hemarthrosis, we observed an increase in both M1 and M2 synovial 
macrophages. Synovial macrophages are positioned throughout the synovial 
sub-lining and lining. Little is known of synovial macrophage polarization in other 
joint diseases, but it is suggested that synovial macrophage polarization is deter-
mined by local environmental stimuli rather than by intrinsic myeloid alterations 
during the differentiation of monocytes towards macrophages23. There appears to be 
a lack of solid evidence of clear synovial macrophage polarization in either direction 
in other joint diseases. It has been suggested that synovial tissue macrophages in 
spondylarhtropathies display a M2 phenotype, whereas synovial macrophages in 
rheumatoid arthritis display a M1 phenotype23-25 
In hemophilic mice following the induction of hemarthrosis we observed an transient 
increase in both M1 and M2 synovial tissue macrophages. In line with other joint 
diseases no apparent synovial macrophage polarization in either direction was 
observed as the M1/M2 synovial tissue macrophage ratio remained in time constant 
(data not shown). The increase in both M1 and M2 synovial tissue macrophages is 
probably the result of environmental stimuli given the transient increase of both 
polarized cell types in time. 
One day following hemarthrosis, we observed an increase in the joint lavage 
(synovial fluid) of both M1 or ‘inflammatory’ monocytes and M2 or ‘patrolling’ mono-
cytes, whereas at day two only an increase in M2 or ‘patrolling’ monocytes persisted. 
To the best of our knowledge, data on monocyte polarization in joint lavage in other 
joint disease is lacking. The increase of M2 or ‘patrolling’ monocytes in the joint 
lavage is most likely the result of direct extravasation of M2 or ‘patrolling’ blood 
monocytes, whereas the increase in M1 or ‘inflammatory’ monocytes probably the 
result is of selective recruitment to the inflamed tissue from the blood, bone marrow, 
and the splenic monocyte reservoir population16-18. Our findings resembles the 
pattern observed in liseria monocytogenes infected peritoneum and myocardial 
infarction studies suggesting an early inflammatory M1-type response up to 24hours 
followed by an persistent M2-type response which is characterized by tissue remo-
deling, wound repair, bone healing, and immunomodulation16;17. In this context, it is 
interesting to note that recent data demonstrated that iron overloading of macropha-
ges in chronic venous leg ulcers resulted in an ‘unrestrained’ M1 type activation state 
which was associated with impaired wound healing26. In addition, retrieved peripros-
thetic synovial tissue collected during revision joint replacement demonstrated an 
increase in M1/M2 macrophage ratios compared to non-operated synovial tissue27.
The observed increase in blood M1 monocytes, the recruitment of splenic M1 mono-
cytes, the increase in M1 synovial macrophages, and the increase in M1 monocytes 
in the joint lavage probably all contributes to the onset of synovitis and cartilage 
damage and with that the onset of hemophilic arthropathy. Not only produce M1 cells 
high levels of pro-inflammatory cytokines such as Interleukin-1β (IL-1β) and Tumor 
Necrosis Factor alpha (TNF-α), but M1 cells also have limited iron internalization and 
release capacities, thereby limiting the elimination of catalytic iron from the joint20,28.
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Although we also observed an increase in both M2 synovial macrophages and M2 
monocytes in the joint lavage, the iron internalization capacity is probably insufficient 
as we know from unpublished data that iron deposition as evaluated by Perls Prus-
sian blue staining is present in the synovium as long as five weeks following the 
induction of hemarthrosis in these hemophilic mice (Nieuwenhuizen et al, unpublis-
hed data).
This continued presence of iron contribute to synovitis, as it is known that iron incre-
ases synovial expression of the proto-oncogene C-MYC and MDM2 (the latter, a 
negative regulator of the p53 tumor suppressor protein), resulting in synovial prolife-
ration, hyperplasia, and inhibition of apoptosis29;30. In addition, iron-loaded synovial 
tissue synthesizes pro-inflammatory cytokines including IL-1β, Interleukin-6, and 
TNF-α. These synovial and M1 monocyte derived pro-inflammatory cytokines stimu-
late the catabolic activity and H2O2 production of cartilage chondrocytes causing 
destruction of cartilage31. Besides its effect on synovium, blood-derived iron has 
direct, synovial independent, harmful effects on cartilage. Chondrocyte apoptosis, 
induced by hydroxyl radicals as a result of iron catalyzed H2O2 conversion, results in 
inhibition of cartilage matrix turnover, and an increase in breakdown and release of 
cartilage matrix components12;32;33. The net result of both events is a loss of cartilage 
matrix and cartilage destruction.
It is tempting to speculate that skewing of monocyte and macrophage polarization 
towards an even more M2 or ‘patrolling’ phenotype would attenuate the onset of 
synovitis and cartilage damage following hemarthrosis. Not only have M2 cells 
immune modulating effects, promote tissue repair and bone healing, but in environ-
ments with higher concentrations of iron compared to normal, the net effect of their 
iron internalization and release capacities remains effective iron internalization34. 
With that characteristic M2 cells would be able to effectively eliminate iron as one of 
the key players in the development of synovitis and cartilage destruction.
Overall, this study demonstrates for the first time alterations in monocyte and macro-
phage polarization following hemarthrosis. Based on our findings, modulating the 
polarization of distinct monocyte/macrophage populations towards a M2 phenotype 
might represent interesting prophylactic or therapeutic approaches for hemophilic 
arthropathy. 
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Abstract

Objective:

Joint bleeds in hemophilia result in iron-mediated synovitis and cartilage damage. It 
was evaluated whether deferasirox, an iron chelator, was able to limit the develop-
ment of hemophilic synovitis and cartilage damage.

Methods:

Hemophilic mice were randomly assigned to oral treatment with deferasirox 
(30mg/kg) or its vehicle (control) (30mg/kg). Eight weeks after start of treatment, 
hemarthrosis was induced. After another five weeks of treatment, blood-induced 
synovitis and cartilage damage were determined. 

Results:

Treatment with deferasirox resulted in a statistically significant (p<0.01) decrease in 
plasma ferritin levels as compared to the control group (823ng/ml ±56 and 
1220ng/ml ±114, respectively). Signs of hemophilic synovitis, as assessed by the 
Valentino score (range 0 (normal) – 10 (most affected)), were not different (p=0.52) 
when comparing the control group with the deferasirox group. However, deferasirox 
treatment resulted in a statistically significant (p<0.01) reduction in cartilage 
damage, as assessed by the loss in Safranin O staining (range 0 (normal) – 6 (most 
affected)), when comparing the deferasirox group with the control group: score 2 
(65.4% vs. 4.2%), score 3 (26.9% vs. 4.2%), score 4 (7.7% vs. 20.8%),  score 5 (0% 
vs. 54.2%), and score 6 (0% vs. 16.7%).

Conclusion:

Treatment with deferasirox limits cartilage damage following the induction of a 
hemarthrosis in hemophilic mice. This study demonstrates the role of iron in blood-
induced cartilage damage. Moreover, these data indicate that iron chelation may be 
a potential prevention option to limit the development of hemophilic arthropathy.  
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Introduction

Joint bleeds due to trauma or major joint surgery result in blood-induced joint 
damage (arthropathy)1-4. Also in case of hemophilia, repeated joint bleeds due to its 
inherited clotting disorder, result in arthropathy even despite the regular, on demand 
and prophylactic, administration of clotting factor concentrates5,6. 
Blood-induced joint damage is characterized by two main features: chronic synovitis 
and direct cartilage damage7 It is known that iron, derived from intra-articular red 
blood cells and abundantly present after a joint bleeding,  plays a pivotal role in the 
development of both these two main features of blood-induced arthropathy8,9. Iron 
increases synovial expression of the proto-oncogene C-MYC and MDM2 (the latter, 
a negative regulator of the p53 tumor suppressor protein), resulting in synovial 
proliferation, hyperplasia, and inhibition of apoptosis10-12. In addition, iron-loaded 
synovial tissue (hemosiderin accumulation) synthesizes pro-inflammatory cytokines 
including IL-1β, IL-6, and TNF-α, which in turn stimulate the catabolic activity of 
cartilage chondrocytes causing cartilage damage13. Additionally, inflamed synovium 
will produce proteases directly affecting the cartilage matrix14. Besides its effect on 
synovium, blood-derived iron has direct, synovial independent, harmful effects on 
cartilage. Chondrocyte apoptosis, induced by hydroxyl radicals as a result of iron 
catalyzed H2O2 conversion (produced by chondrocytes and enhanced by catabolic 
cytokines), results in prolonged inhibition of cartilage matrix synthesis, and an incre-
ase in breakdown and release of cartilage matrix components1,2. The net result of the 
imbalance between synthesis (diminished) and release (enhanced) of cartilage 
matrix collagen and proteoglycans is that cartilage tissue damage. Although, the role 
of iron in these joint tissue destructive processes is unambiguously demonstrated in 
many models, the critical role of iron in the direct harmful effect on cartilage damage 
and in synovial inflammation has not clearly been demonstrated in vivo. 
Deferasirox (Exjade®) is an oral iron-chelating drug which is designed for and safely 
used in the treatment of patients with transfusion-related iron overload (e.g. 
ß-thalassemia or sickle cell disease), or excessive dietary iron uptake (e.g. heredi-
tary hemochromatosis)15. Two molecules of deferasirox are capable of binding to 
one iron molecule and the complex is subsequently eliminated by biliary/fecal 
excretion16. In this way deferasirox is able to remove iron from the body (tissue and 
fluids). 
Considering that humans are unable to actively remove iron from the body and that 
iron plays a pivotal role in the pathophysiology of blood-induced joint damage, we 
hypothesize that treatment with deferasirox results in attenuation of blood-induced 
synovitis and cartilage damage in the case of a joint bleed. 
Apart from the conceptual in vivo proof that iron is crucial in blood-induced joint 
damage, deferasirox might, in case effective, be further explored as a treatment 
option to prevent or limit blood-induced joint damage.
In the present study, we test our hypothesis in a hemarthrosis mice model by evalua-
ting the alterations in synovitis and cartilage damage between mice treated with 
deferasirox as compared to controls. 
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Materials and Methods

Materials
Deferasirox (Exjade®) and Klucel HF (hydroxypropylcellulose) were kindly 
(unrestrictedly) provided by Novartis AG (Basel, Switzerland). The mouse ferritin 
ELISA kit was from Immunology Consultants Laboratory (Portland, USA).

Mice and animal care
Three to four months old FVIII deficient mice (B6;129S4-F8tm1Kaz/J) (n=84) were 
obtained from The Jackson Laboratory and bread in house at the animal facilities of 
the University Utrecht. The FVIII deficient mice have a FVIII activity of < 1%, but 
instead of the human hemophilia situation do not bleed spontaneously. FVIII 
deficiency was checked by DNA sampling and subsequent polymerase chain 
reaction. The mice were housed in filter top cages and in low density to reduce the 
likelihood of combat-related bleedings and were fed with standard diet and water ad 
libitum. 
Sample size was determined using Cohen’s effect size with an effect size of 0.8, 
alpha 0.05, beta 0.1, and an expected 10% loss of animals and resulted in a group 
size of 36 animals in each treatment arm. These animal experiments were reviewed 
and approved by the independent institutional animal ethical committee.

Treatment regimens
The mice were randomly assigned to treatment with deferasirox or control. Deferasi-
rox was orally administered at a dose of 30mg/kg daily. This dose was found to be 
effective and safe for mice in previous studies17. Deferasirox was suspended in 0.5% 
aqueous Klucel HF (hydroxypropylcellulose), the standard vehicle for deferasirox. 
Each animal received 0.1ml deferasirox-Klucel suspension (deferasirox group). The 
control group received the same volume 0.5% aqueous Klucel HF per 10g body 
weight. Suspensions were kept at 4ºC and were freshly made every week. Pretreat-
ment was started two months before induction of the joint bleed and was continued 
for another five weeks after induction of the joint bleed. The pretreatment period was 
chosen based on clinical experience with deferasirox to become effective in decrea-
sing iron levels in the human situation. After eight weeks of pretreatment, a joint 
bleed was induced in the right knee using a 30 Gauge needle18. The left knee served 
as an unaffected control joint. The post-hemarthrosis treatment time period was 
chosen based on the time needed to develop synovitis and cartilage damage in this 
hemophilic blood-induced model as observed in our hands and as reported in 
literature18. 

Effectiveness of treatment and determination of ferritin levels
The effectiveness of treatment with deferasirox was evaluated after two months of 
pretreatment by the determination of plasma ferritin levels. Ferritin is an iron storage 
protein which levels directly reflects the amount of stored iron. For this, blood was 
collected from separate mice who were treated according to the control (n=6) and 
deferasirox (n=6) group via a cheek puncture of the submandibular vein. Collected
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blood was centrifuged for 15 minutes at 3000g, plasma was harvested and stored at 
-80ºC until analysis. Levels of ferritin were measured in blood plasma of the mice by 
ELISA according to instructions from the manufacturer. Concentrations of ferritin 
were calculated by reference of the standard curve generated on the supplied 
standard according to instructions of the manufacturer. In addition, at the end of the 
study Perls Prussian blue stained synovial tissue sections were evaluated for the 
presence of ferric iron deposits. 

Isolation of the joints and histological examination
Post-mortem, knee joints were isolated, fixed in 4% paraformaldehyde, decalcified, 
embedded in paraffin, cut in 4μm thick tissue sections and mounted on glass slides. 
Routine histological procedures were employed. Sections of tissue were stained 
with hematoxylin-eosin and scored according to Valentino (table I) for evidence of 
synovial hyperplasia, vascular hyperplasia, hemosiderin depositions, intra-articular 
erythrocytes, synovial villi, and cartilage erosion19. Cartilage damage was scored in 
more detail according to the loss of Safranin O in Safranin O - fast green stained 
sections (table II)20. The intensity of Safranin O staining is directly proportional to the 
proteoglycan content in the cartilage, which is a measure of initial cartilage 
damage21. All sections were analyzed with an Olympus BX60 Microscope using x40 
objective and scored by two fully blinded observers. In all cases, the mean of both 
blinded observers was calculated and used for further calculations. Digital images 
were obtained with a Nikon E990 camera. 

Table I. Valentino score for histological detection of hemophilic synovitis

Table II. The Safranin O scoring system for histological detection of cartilage damage

Characteristics Score Description 
Synovial hyperplasia 0 Normal, less than four cell layers 
 1 Four to five cell layers 
 2 Six to seven cell layers 
 3 More than seven cell layers 
Vascularity (400x) 0 None 
 1 Less than one-third of the field 
 2 One-third to two-third of the field 
 3 More than two-third of the field 

Discoloration by hemosiderin 0 Absent 
 1 Present 

Blood (erythrocytes) present 0 Absent 
 1 Present 

Villous formation 0 Absent 
 1 Present 

Cartilage erosion 0 Absent 
 1 Present 
 

Grade Damage 
0 Normal 

0.5 Loss of some superficial Safranin O 
1 Superficial fibrillation without loss of cartilage 
2 Loss of some Safranin O down to the layer immediately below the superficial layer 
3 Loss of Safranin O of <25% of the articular surface  
4 Loss of Safrain O of 25-50% of the articular surface 
5 Loss of Safranin O of 50-75% of the articular surface 
6 Loss of Safranin O of >75% of the articular surface 
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Statistical analysis
Data storage and management was with Excel (Microsoft, Redmond, USA). Graphic 
presentation was with GraphPad Prism version 5.00 (GraphPad Software, San 
Diego, USA), and statistical analysis was performed using SPSS version 20 (IBM, 
SPSS, Armonk, USA). Data distribution of continuous values of plasma ferritin levels 
were assessed by use of histograms and the Kolmogorov-Smirnov test. Plasma 
ferritin data were normally distributed and met the homogeneity of variances 
assumption (Levene statistic). Accordingly, data were analyzed by an independent 
t-test. Categorical data of Valentino score and Safranin O score, were analyzed by 
loglinear analysis and Pearson Chi-Square. Data are shown as mean with standard 
error of mean unless stated otherwise. Statistical significance was denoted at 
p<0.05. 

Results

Deferasirox results in a decrease in plasma ferritin levels and reduction in 
synovial ferric iron deposits
Plasma ferritin levels were determined after treatment with deferasirox or vehicle 
(control group). Treatment with deferasirox resulted in a statistically significant 
(p<0.01) decrease in plasma ferritin levels for the deferasirox group (823ng/ml ±56) 
as compared to the control group (1220ng/ml ±114) (figure 1).
In addition, markedly less Perls Prussian blue positivity, indicating ferric iron depo-
sits, were noted in the synovial tissue of the deferasirox treated animals as compa-
red to the control group (representative histology given in figure 2).   

Figure 1. Treatment with deferasirox results in a decrease in plasma ferritin levels
Supernatants of plasma were evaluated for the presence  of ferritin using a ferritin ELISA assay two 
months following treatment with vehicle deferasirox (control group) or deferasirox (deferasirox group) in 
hemophilic mice. Treatment with deferasirox resulted in a decrease in a statistically significant decrease 
in plasma ferritin levels. Data are shown as mean ± SEM for six mice per group. * p<0.05, independent 
t-test was used for comparison between control and deferasirox group. 
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Figure 2. Treatment with deferasirox reduces synovial iron staining
Representative photomicrographs of the synovial Perls Prussian blue (blue colour), demonstrating 
reduced positive synovial iron staining in the deferasirox group (B) compared to control (A).

Effect of treatment with deferasirox on hemophilic synovitis
For the degree of synovitis, the Valentino score was determined to evaluate whether 
treatment with deferasirox attenuates synovitis and cartilage erosion (1 out of a max 
score of 10) cartilage damage. For the left unaffected knee, no differences were 
found in the Valentino score between the control group and the deferasirox group 
(figure 3A). Following the induction of a joint bleed in the right knee, a statistically  

Figure 3. Treatment with deferasirox does not affect the Valentino score for hemophilic synovitis
(A) The Valentino score of the left and right knee in hemophilic mice treated with vehicle deferasirox 
(control group) or deferasirox (deferasirox group) was determined by two blinded observers. Following the 
induction of a joint bleed in the right knee and treatment with control or deferasirox, no differences in the 
Valentino score between the control and deferasirox group was noted. Data are shown as individual dot 
plots for 36 mice per treatment group. # p<0.05, loglinear analysis and Pearson Chi-Square were used for 
comparison between the left unaffected and right knee joint. (B) In addition no alterations in the change in 
Valentino score was noted. Independent t-test was used for comparison of the contra-lateral change in 
Valentino scores between the control and deferasirox group.
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significant increase in the Valentino score was noted for the right knee joint as 
compared to the left unaffected knee joint in both the control group (p<0.01) as in the 
deferasirox group (p=0.02). The Valentino score of the right knee joints was not 
different between the control and deferasirox group (3.75±0.41 vs. 3.57±0.30; 
p=0.52), although slightly lower in the deferasirox group. Also the change in Valen-
tino score for the right vs. the left knee of each animal averaged for the group was 
not statistically significant between both groups (1.70±0.40 vs. 1.31±0.32; p=0.35) 
(figure 3B). Of the individual sub-items of the Valentino score only hemosiderin 
deposition was significantly lower for the experimental knee of the deferasirox group 
as compared to the control treated group (p=0.04) explaining the tendency to a 
difference in the overall score. Hemosiderin scores for the right knee in the deferasi-
rox group, score 0 (84.6%) and score 1 (15.4%), were clearly lower than in the 
control group, score 0 (58.3%) and score 1 (41.7%).

Effect of treatment with deferasirox on cartilage damage
Cartilage damage, as scored according to the loss of Safranin O staining represen-
ting loss of proteoglycans, was comparable for the left unaffected knee joint of the 
control group with the left unaffected knee joint of the deferasirox group (p=0.68) 
(figure 4A). Cartilage damage was higher in the right experimental knee joint as 
compared to the left unaffected knee joint in the control group (p<0.01). 

Figure 4. Treatment with deferasirox limits cartilage damage following a joint bleed in hemophilic 
mice.
(A). The loss of Safranin O, as a semi-quantitative measure for cartilage damage, was determined in the 
left and right knee joint following the induction of a joint bleed in the right knee joint and treatment with 
either vehicle deferasirox (control group) or deferasirox (deferasirox group). Treatment with deferasirox 
limited the development of cartilage damage following the induction of a joint bleed in the right knee. Data 
are shown as individual dot plots for 36 mice per treatment group. # p<0.05, loglinear analysis and 
Pearson Chi-Square were used for comparison between the left unaffected and right knee joint. (B). 
Treatment with deferasirox results in a negative change in the Safranin O score. Data are shown as mean 
± SEM. * p<0.05. Independent t-test was used for comparison of the contra-lateral change in Safranin O 
scores between the control and deferasirox group. 
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In contrast, in mice treated with deferasirox, no differences in the loss of Safranin O 
staining was seen between the right experimental knee joint and the contra-lateral 
control knee joint. Moreover, when comparing the right knee joints of the control 
group with the deferasirox group, the latter had significantly less cartilage damage 
(p<0.01). Also, when for each animal the change in loss of Safranin O staining for the 
right vs. the left knee was calculated, a significant difference between the control 
group (1.92±0.23) and the deferasirox group (-0.77±0.17) was noted (p<0.01) (figure 
4B). Overall treatment with deferasirox resulted in a clear reduction in cartilage 
damage, as indicated by the preservation of the intensity of the Safranin O staining 
(figure 5).

Figure 5. Treatment with deferasirox results in a more intense Safranin O staining 
following a joint bleed in hemophilic mice.
Representative photomicrographs of the intensity of Safranin O staining (red colour), which is 
directly proportional to the proteoglycan content in the cartilage, and is a measure of cartilage 
damage, of the right knee joints of mice treated with control (B), and mice treated with defera-
sirox (D). The intensity of Safranin O staining in the deferasirox group is more intense, indica-
ting that deferasirox prevents cartilage damage. Left control knee joints for both the control (A) 
and the deferasirox (C) group.
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Discussion

For the first time it is demonstrated that treatment with oral deferasirox prevented 
cartilage damage (loss of matrix proteoglycans) following the induction of a joint 
bleed in an in vivo murine hemophilia model. In addition, this study demonstrates in 
vivo the role of iron in the process of blood-induced cartilage damage.
Deferasirox (Exjade®) is an oral iron-chelating drug that binds to iron in a 2:1 ratio 
resulting in active excretion of iron21. In pharmacokinetics studies, its properties in 
mice were comparable with the human situation22. In addition, and comparable to the 
human situation, deferasirox was found to be effective in reducing murine iron levels 
in plasma and in several tissues17,23. Also, in our study, treatment with deferasirox 
resulted in a decrease in the plasma levels of ferritin, an iron storage protein which 
reflects the amount of stored iron, and reduced positive synovial iron staining, indica-
ting that  the deferasirox treatment was effective in chelation of iron in the joint tissue. 
Although, treatment with deferasirox resulted in a clear reduction in the synovial iron 
load and in synovial hemosiderin deposition, our data indicate that deferasirox was 
not able to attenuate hemophilic synovitis. Hemophilic synovitis is the result of a 
multifaceted process, involving iron and the infiltration of inflammatory cells7. 
Furthermore, we recently demonstrated that a joint bleed stimulates the synovial 
fibrinolytic system resulting in increased synovial urokinase and plasmin levels, 
which are known to be able to induce synovitis24,25. It could be that attenuating a 
single link in the complex chain is not enough to prevent the development of hemop-
hilic synovitis in this model. In addition, one can speculate that the used dosage of 
deferasirox may not be enough. Not only do iron chelators remove an excess of iron, 
but they also block iron’s six electrochemical coordination sites which catalyze redox 
reactions. One molecule of deferasirox, as a tridentate iron chelator, only blocks 
three of the coordination sites on iron. With an insufficient dose, and knowing that 
deferasirox in some extent is able to form polymeric complexes which cannot easily 
cross the cell membrane, the complete neutralization of synovial iron may have been 
insufficient which may catalyze ongoing redox reactions, and with that ongoing 
synovitis26,27,28.
Treatment with deferasirox resulted in a clear reduction in cartilage damage as 
measured by reduced loss in cartilage matrix proteoglycans. Our findings are in line 
with the literature in which deferoxamine, a parenteral iron chelator, was also found 
to reduce cartilage damage in a rabbit model of blood-induced joint disease29. Chela-
tion of iron probably blocks the damaging effects of free iron on cartilage. Radical 
formation is a continuous process in all living cells. Damage to tissues however, only 
occurs in the presence of catalytic transition metals of which iron is the most impor-
tant in human pathology. It is known that oxygen metabolites, such as hydrogen 
peroxide (H2O2) are able to mediate an inhibition of proteoglycan synthesis30,31,32. 
Oxygen metabolites including H2O2 are produced in large quantities by activated 
mononuclear cells, and even by chondrocytes itself33. Hydrogen peroxide reacts in 
the presence of iron, derived from intra-articular red blood cells and abundantly 
present after a joint bleeding, according to the Fenton reaction34,35. The Fenton 
reaction results in the generation of hydroxyl radicals, which are very toxic and
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results in apoptosis and cartilage damage36. Evidence for blood-induced oxidative 
stress due to hydroxyl radicals originates from a study of Hooiveld et al8. In their in 
vitro study, proteoglycan synthesis in human cartilage was prolonged inhibited by the 
combination of lysed red blood cells, as a source of catalytic iron, and IL-1ß stimula-
ted chondrocytes which produced H2O2. Treatment with deferasirox actively reduces 
iron levels and blocks the catalytic activity of iron, thereby preventing blood-induced 
cartilage matrix proteoglycan loss.  
Our study has several limitations. We evaluated the effect of deferasirox at one time 
point after five weeks of treatment. This may result in the false interpretation that 
deferasirox has no effect on hemophilic synovitis as synovitis is an early event in the 
pathophysiology of blood-induced arthropathy. The synovitis may have been 
recovered for a significant part at five weeks of treatment, leaving insufficient room 
for additional effect of treatment with deferasirox. Another limitation is the presence 
of cartilage damage to some extent in the left unaffected knee joints of both the 
control and deferasirox group. A clear explanation for this observation cannot be 
given but will be related to spontaneous age related joint damage. Nonetheless, a 
clear enhancement of cartilage damage by blood exposure and a clear reduction in 
blood-induced cartilage damage in the deferasirox group was noted. 
In general, prophylactic clotting factor replacement in the treatment of hemophilia is 
able to limit the number of joint bleeds. However, despite factor replacement, joint 
bleeds still occur and exposure of human cartilage to even low concentrations of 
blood for a short period leads to prolonged cartilage damage37. Even more so, 
replacement therapy is expensive and not available to every hemophilia patient 
worldwide. Therefore the search for new therapeutic modalities in the treatment or 
prevention of hemophilic arthropathy is warranted.
The data presented herein demonstrate that treatment with deferasirox reduces 
hemosiderin deposition and prevents cartilage damage following the induction of a 
joint bleed in hemophilic mice. This study is a proof of concept of the role of iron in 
the pathophysiology of blood-induced arthropathy and supports the need for further 
investigation of the potential role for iron chelation as a new therapeutic (prevention) 
modality for patients with hemophilia who do not have access to clotting factor 
replacement, or maybe those who suffer from joint bleedings despite on demand or 
prophylactic clotting factor treatment or patients with inhibitors in whom prophylactic 
strategies are ineffective. 
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Abstract

Objective:

Recurrent joint bleeding is the most common manifestation of hemophilia resulting in 
hemophilic arthropathy (HA). The exact pathophysiology is unknown, but it is  
suggested that arthropathy is stimulated by liberation of fibrinolytic activators from 
the synovium during hemarthrosis. The aim of this study was to test the hypothesis 
that hemarthrosis activates the local synovial fibrinolytic system in a murine hemop-
hilia model. 

Methods:

The right knees of hemophilic and control mice were punctured to induce hemarthro-
sis. The left knees served as internal control joints. Synovial levels of urokinase-type 
plasminogen activator (uPA), plasminogen activator inhibitor 1 (PAI-1), plasmin, and 
alpha-2-antiplasmin (A2AP) were compared between the punctured and control 
knees. 

Results:

In hemophilic mice, an increase in synovial cells expressing urokinase-type  
plasminogen activator (uPA) in the right punctured knee versus the left unaffected 
knee was observed: (47% vs. 43%) (p=0.03). Additionally, in hemophilic mice, 
hemarthrosis induced an increase in uPA (0.016ng/ml vs. 0.01ng/ml) (p=0.03) and 
plasmin (0.53μg/ml vs. 0.46μg/ml) (p=0.01) as promoters of fibrinolysis. Synovial 
levels of PAI-1 (0.32ng/ml vs. 0.17ng/ml) (p<0.01) was also increased, whereas 
synovial levels of A2AP were unchanged: (0.021μg/ml vs. 0.021μg/ml) (p=0.15). 
Enhanced uPA production was confirmed in human stimulated synovial fibroblast 
cultures and elevated levels of plasmin were confirmed harmful to human cartilage 
tissue explants. 

Conclusion:

In this study we demonstrate that hemarthrosis in hemophilic mice induces synovial 
uPA expression and results in an increase in synovial plasmin levels, making the 
joint more vulnerable to prolonged and subsequent bleedings, and adding directly to 
cartilage damage. 
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Introduction

Hemophilia is a genetic disease with a life-long risk for uncontrolled bleedings as a 
result from deficiency of coagulation factor VIII or IX. Musculoskeletal bleeding 
episodes account for 80 percent of all bleeds found in hemophilia. The most 
commonly affected joints are the ankles, knees, and elbows. Repeated joint 
bleedings result in blood-induced joint damage and ultimately in hemophilic arthro-
pathy (HA)1. One in three patients with severe hemophilia develop a so-called target 
joint, defined as a joint in which recurrent bleedings have occurred on four or more 
occasions during the previous 6 months or 20 times during the patient’s life2. This 
indicates that when affected once, a joint becomes more vulnerable to subsequent 
bleedings. 
Hemophilic arthropathy is characterized by two main features: chronic synovitis and 
cartilage destruction. The synovitis is characterized by hemosiderin depositions, 
proliferation and hypertrophy of the synovium, infiltration of synovial tissue by 
polymorphonuclear cells, monocytes and lymphocytes, and increased vascularity3,4. 
Besides its effect on synovium, blood has direct, synovial independent, harmful 
effects on cartilage. Exposure of cartilage to blood results in a blood concentration- 
and time dependent inhibition of matrix turnover, and an increase in breakdown and 
release of matrix components, such as proteoglycans and collagen5,6 The net result 
of both events is a loss of cartilage matrix and histological detectable cartilage 
destruction. 
Progress has been made in our understanding of the development of HA, but it is still 
unknown why especially the joints are so vulnerable to bleeds. Also the preference 
of joint bleeds for synovial joints such as knees, ankles, and elbows remains 
unknown. In 1971 Storti and colleagues reported that administration of inhibitors of 
fibrinolysis markedly reduced bleeding after synovectomy in hemophila7. These 
authors speculated that the bleeding tendency of hemophilic joints is stimulated by 
an insufficient local hemostasis caused by liberation of fibrinolytic activators from the 
affected synovial membranes. 
At present, there is little information available on how the local synovial fibrinolytic 
system is involved in the pathophysiology of HA. Early studies in the ‘70s, using a 
fibrin digestion assay, suggested an increase in fibrinolytic activity in hemophilic 
synovial tissues in comparison to healthy synovial tissue7,8. More recently, it has 
become clear that the synovial tissue express and produce several components of 
the fibrinolytic systems, such as urokinase-type plasminogen activator (uPA), uPA 
receptor (uPAR), plasminogen inhibitor 1 (PAI-1), alpha-2-antiplasmin (A2AP), and 
that fibrinolytic components such as plasmin and plasmin-alpha-2-antiplasmin 
complexes are present in the synovial fluid9,10. 
Considering that target joints are all synovial joints and that synovial tissue is potenti-
ally able to contribute to local fibrinolytic activity, we hypothesize that the synovial 
fibrinolytic system is activated following hemarthrosis, resulting in prolongation of the 
joint bleeding and making the joint more vulnerable to subsequent bleedings. In the 
present study, we test this hypothesis in a hemarthrosis mice model upon induction 
of hemarthrosis by evaluating the alterations in synovial uPA expression and by
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comparing the levels of several intravascular and synovial fibrinolytic markers 
between hemophilic and control mice. A translation to human uPA production by 
stimulated synovial tissue fibroblasts, as well as plasmin induced cartilage tissue 
damage is made.

Materials and methods

Reagents
Functional ELISA assay kits for the detection of active mouse uPA (MUPAKT), active 
PAI-1 (MPAIKT), active plasmin (MPLMKT), and active A2AP (MA2APKT) were 
purchased from Molecular Innovations (Novi, USA), as was the functional ELISA 
assay kit for the detection of human uPA (HPLMKT). For immunohistochemistry, uPA 
(H-140) polyclonal rabbit anti-mouse/rat/human and normal control rabbit IgG were 
obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, USA). Type IV collagen-
ase was obtained from Worthington (Lakewood, USA) and xylene was from Klinipath 
(Duiven, The Netherlands). Citrate buffered target retrieval solution and alkaline 
phosphatase blocking reagent were both from Dako (Glostrup, Denmark). Alkaline 
phosphatase conjugated goat anti-mouse/rabbit/rat (DPVO-110AP) was purchased 
from Immunologic (Duiven, The Netherlands). Dulbecco’s modified Eagle’s medium 
(DMEM), penicillin, streptomycin and L-glutamine were from Gibco-Invitrogen 
(Paisley, UK). Tris(hydroxymethyl)aminomethane (TRIS), human ferrous stabilized 
hemoglobin A0, levamisole, naphthol, hematoxylin solution according to Mayer11, 
Alcian Blue, human plasmin (≥2.0 units/mg), and all other reagents were from 
Sigma-Aldrich (St. Louis, USA). 

Mice and animal care
FVIII deficient mice (B6;129S4-F8tm1kaz/J) (n=150) and matched control mice 
(B6;129SF2/J) (n=138) were obtained from The Jackson Laboratory. The FVIII 
deficient mice have a FVIII activity of <1% but instead of the human hemophilia 
situation do not bleed spontaneously. The mice were housed in filter top cages and 
in low density to reduce the likelihood of combat-related bleedings and were fed with 
standard diet and water ad libitum. Sample size was determined for the primary 
outcome variables (plasma and synovial uPA, PAI-1, plasmin, and A2AP levels) 
using Cohen’s effect size with an effect size of 0.8, alpha 0.05, beta 0.1, and an 
expected 10% loss of animals in the FVIII deficient group. This power and sample 
size calculation resulted in a group size of 36 for the hemophilic mice and 33 for 
control mice for each individual assessed synovial outcome parameter. All animal 
experiments were reviewed and approved by the institutional animal ethical commit-
tee.

Hemarthrosis model
Three to four months old FVIII deficient and control mice were anesthetized with 
isofluran/O2. The hair over both knee joints was removed and the diameter of the 
joint was measured in the greatest lateral-medial dimension using a micrometer 
caliper. Subsequently, hemarthrosis was induced in the right knee using a 30 Gauge
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needle as previously described12. The left knee served as an unaffected control joint. 
Acetominophen was dissolved in the drinking water and administered ad libitum for 
pain relief. The dosing was 7mg acetaminophen per 6ml drinking water correspon-
ding to an oral dose of 200mg/kg. After 24 hours blood was collected via a cheek 
puncture of the submandibular vein and mixed with 0,1M trisodium citrate in a ratio 
of 1:9 with the total collected blood volume. Also blood was collected from FVIII 
deficient mice (hemophilia control mice) who were not subjected to induction of 
hemarthrosis. All the mice were sacrificed by cervical dislocation after blood collec-
tion. Collected blood was centrifuged for 15 minutes at 3000g, plasma was 
harvested and stored at -80ºC until analysis. In this mouse strain blood collected by 
puncture of the submandibular vein proved to have a quality which allows it to be 
used in coagulation assays13. Next, the knee joints were examined, the joint diame-
ter was determined again, and the visual bleeding score (VBS) was assessed by two 
blinded observers according to Valentino and colleagues (table I)14. Patellae and 
surrounding synovium were isolated and pre-washed in tris buffered saline (TBS) to 
remove blood adherence. Subsequently, a patella-synovial washout was performed 
for 1 hour at room temperature. The patellae and surrounding synovium were 
incubated intact in a 96-wells plate in a 150μl solution consisting of one part 
trisodiumcitrate-dihydrate and nine parts of 3% Bovine Serum Albumin – TBS as 
described earlier15. Supernatants were harvested, centrifuged for 15 minutes at 
3000g and stored at -80ºC until analysis.

Table I. Visual Bleeding Score

Histological examination and immunohistochemistry
In a subset of mice (n=6), knee joints were isolated, fixed in 4% paraformaldehyde, 
decalcified, embedded in paraffin, cut in 4μm thick tissue sections and mounted on 
glass slides. For histological examination sections of tissue were stained with 
hematoxylin-eosin and examined by light microscopy for evidence of erythrocytes 
and inflammatory cells in the joint cavity and synovial tissue.
Foremost, the knee joints of these mice were used for immunohistochemistry to 
examine if murine synovial expression of uPA was altered by the induction of acute 
hemarthrosis. Sections were deparaffinized in xylene and rehydrated in a graded 
series of ethanol baths. For antigen retrieval, sections were incubated in citrate 
buffered target retrieval solution for 30 minutes at 95ºC. Thereafter slides were 
cooled in citrate buffered target retrieval solution for another 30 minutes and washed 
in phosphate buffered saline (PBS) for 15 minutes. Subsequently, endogenous 
alkaline phosphatase was blocked with Dako’s blocking reagent for 10 minutes at 
room temperature. Non-specific binding was blocked with 10% goat serum in PBS 

Score Capsule Blood in joint space 
0 Non-distended None present 
1 Non-distended Present 
2 Distended but not tense Present 
3 Tense and distended Present 
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at room temperature for 10 minutes. Sections were then incubated with rabbit-anti-
mouse polyclonal uPA (H-140) diluted in 2% goat serum in PBS. Negative controls 
were incubated with normal rabbit IgG. Incubation of the primary antibody and nega-
tive control was carried out in a wet chamber at 4ºC and overnight. Following incuba-
tion the slides were washed in PBS for 15 minutes at room temperature. The slides 
were then incubated for 30 minutes at room temperature with alkaline phosphatase 
conjugated goat anti-rabbit secondary antibody. The slides were briefly washed for 1 
minute in a TRIS-HCl pH 8.4 solution. The reactivity was then visualized with new 
fuchsin in solution at room temperature for 13 minutes. Subsequently, slides were 
washed for 5 minutes in aquadest, counterstained for 8 minutes with hematoxylin 
solution according to Mayer11 and washed for 10 minutes in running tap water. 
Finally, sections were air dried and mounted on coverslips. Immunostaining was 
analyzed with an Olympus BX60 Microscope using x40 objective. Digital images 
were obtained with a Nikon E990 camera. Synovial expression of uPA was quantita-
tively determined by two blinded observers, was determined as the percentage 
positive synovial lining cells of total lining cells, and the results of the two observers 
were averaged.

Detection of fibrinolytic factors
Levels of functionally active murine uPA, PAI-1, plasmin, and A2AP were measured 
in blood plasma and in the synovial tissue washouts of the mice by ELISA. The 
sensitivity of the used assays detecting only functional active enzymes were accor-
ding to the manufacturer 0.004ng/ml, 0.02ng/ml, 0.02μg/ml, and 0.001μg/ml for uPA, 
PAI-1, plasmin, and A2AP, respectively. Concentrations of active fibrinolytic factors 
were calculated by reference of the standard curves generated on the supplied 
standard by instructions from the manufacturer. Standard and spiked recovery tests 
for each individual functional ELISA assay were between 90-110%. 

Preparation of human fibroblast-like synoviocytes
To confirm our murine in vivo uPA data, functionally active uPA was measured in 
ferrous stabilized hemoglobin A0 stimulated human fibroblast-like synoviocytes 
(FLS). Ferrous stabilized hemoglobin A0 was used to mimic blood component expo-
sure during hemarthrosis. For this, healthy human synovial tissue (n=3) was 
obtained post-mortem and cut into small pieces. Fibrous and adipose tissue were 
removed and the remaining synovial tissue was digested for 1.5 hours at 37°C in 2 
mg/ml of type IV collagenase per 50–100 mg of tissue. After removal of tissue debris 
by means of a cell strainer, FLS were washed, centrifuged, plated at density of 
4,0x103 cells/cm2 and cultured in DMEM supplemented with 10% heat-inactivated 
fetal bovine serum (FBS), 2mM L-glutamine, 100 U/ml penicillin and 100 μg/ml strep-
tomycin. For experiments, third to fourth passage cells from the primary culture, 
comprising >95% FLS, were disaggregated by incubation at 37ºC in a solution of  
trypsin-EDTA, washed, centrifuged, suspended in DMEM medium containing 10% 
FBS, L-glutamine, penicillin, streptomycin and plated at density of 2,5x105 16. The 
FLS were allowed to recover from the effects of trypsin treatment for 24-48h and 
then subjected to the experimental conditions. Confluent human synovial FLS were
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cultured in medium without serum, in the absence or presence of human ferrous 
stabilized hemoglobin A0 [0.8-500 μg/ml] for 24h in a tissue incubator under 5% CO2 
in air, at 37ºC and 95% humidity, mimicking FLS triggering during hemarthrosis. The 
used concentrations of human ferrous stabilized hemoglobin A0 correspond with 
physiologically levels of hemoglobin found in hemarthrosis. Subsequently, superna-
tants were harvested, centrifuged for 5 minutes at 2000g and stored at -80ºC until 
analysis. The level of functionally active uPA in human FLS culture supernatants was 
measured by ELISA in triplicate according to the manufacturer.

Cartilage assessments
To evaluate a possible role of the fibrinolytic system in the pathophysiology of HA we 
questioned whether plasmin, as the principal effector protease of the fibrinolytic 
system, might induce cartilage damage in human healthy cartilage. For these experi-
ments, healthy human knee cartilage from 5 donors was obtained postmortem within 
24h after the death of the donor. Full-thickness cartilage slices were cut aseptically 
and kept in PBS. Within 1 hour of dissection, the slices were cut into square pieces, 
weighed aseptically (range 5-15mg), and cultured individually in 96-well round-
bottomed microtitre plates in 200μl culture medium per well. Culture medium consi-
sted of DMEM, supplemented with glutamine (2mmol/l), penicillin (100IU/ml), strep-
tomycin (100μg/ml), ascorbic acid (85μmol/l), and 10% heat-inactivated pooled 
human male AB+ serum. The cartilage explants were cultured in a tissue incubator 
under 5% CO2 in air (pH 7.4), at 37ºC and 95% humidity. Subsequently, after a 24 
hour preculture in medium without serum, the cartilage explants were cultured for an 
additional 24h in the presence of medium or various concentrations plasmin 
(10-1000nM). Proteoglycan release was determined by the loss of glycosaminogly-
cans (GAGs) in the culture medium during the final 24h of culture. GAGs were 
stained and precipitated with Alcian Blue as described earlier17. Staining was deter-
mined by the change in absorbance at 620nm. The proteoglycan release was calcu-
lated as mg GAG released per gram wet weight of the cartilage (mg/g). Because of 
focal differences in composition and bioactivity of the cartilage, the results for 10 
cartilage samples per parameter per donor, obtained randomly and handled indivi-
dually, were averaged and taken as a representative value for the cartilage of each 
donor. 

Statistical analysis
Data storage and management was with Excel (Microsoft, Redmond, USA). Graphic 
presentation was with GraphPad Prism version 5.00 (GraphPad Software, San 
Diego, USA), and statistical analysis was performed using SPSS version 15.0 (IBM, 
SPSS, Armonk, USA). Data distribution of continuous values of fibrinolytic markers 
was assessed by use of histograms and the Kolmogorov-Smirnov test. Data were 
not normally distributed and did not meet the homogeneity of variances assumption 
(Levene statistic). Accordingly, unpaired data were analyzed by Mann-Whitney U 
test, and paired data by Wilcoxon signed ranks test. Data are shown for each animal 
with median values and range unless stated otherwise. Statistical significance was 
denoted at p<0.05. 
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Results

Acute hemarthrosis and the presence of blood in the joint space
As seen in figure 1, puncture of the right knee in hemophilic mice resulted in hemar-
throsis. The left unaffected knee joint showed no signs of bleeding in hemophilic 
mice (representative photographs in panel F and E, respectively). As expected, 
puncture of the right knee in control mice did not result in induction of hemarthrosis. 
Also, no sign of bleeding was seen in the left unaffected knee joint in control mice 
(panel B and A, respectively). In hemophilic control mice who did not suffer from 
induction of hemarthrosis, no sign of bleeding was seen in both knee joints. The 
macroscopically observed findings were histological confirmed. Intra-articular blood 
cells (erythrocytes and inflammatory cells) were present in the right punctured knee 
joint in hemophilic mice (panel H), whereas no erythrocytes or inflammatory cells 
were present in the left unaffected knee joint in hemophilic mice, and in both the 
punctured and unaffected knee joint in control mice (panel C-D and G). 

Figure 1. Induction of hemarthrosis. 
Representative photomicrographs of the histological appearance of knee joints of control and hemophilic 
mice. Puncture of the right knee with a 30G needle did not resulted in hemarthrosis in the control mice. 
Gross appearance of the left unaffected knee (A) and the right punctured knee (B) in control mice. No 
evidence for the presence of erythrocytes or inflammatory cells were found in the left (C) or right knee (D) 
in control mice. In contrast, puncture of the right knee with a 30G needle resulted in a hemarthrosis in 
hemophilic mice. Gross appearance of the left unaffected knee (E) and the right punctured knee (F) in 
hemophilic mice. Representative histological appearance of left unaffected knee (G) and the right punctu-
red knee (H) in hemophilic mice. Both erythrocytes and inflammatory cells are present in the right punctu-
red knee (see also insets). 
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Visual Bleeding Scale (VBS) and joint diameter
The VBS and the measured left and right knee joint diameter before and 24h after 
puncture of the right knee were analyzed. As expected, the mean (± SEM) VBS 24h 
after puncture of the right knee in control mice was not different for the left knee: 0.01 
(± 0.01) as compared with the right knee 0.06 (± 0.02) (p=0.91). In contrast, in 
hemophilic mice, the mean VBS of the right knee (1.88 ± 0.12) was significantly 
higher 24h after puncture of the right knee as compared with the left knee (0.06 ± 
0.02)  (p<0.01).
In control mice, no difference in the maximum joint diameter measured at baseline 
and 24h after induction of hemarthrosis in both the left unaffected knee joint 3.45mm 
(± 0.04) vs. 3.45mm (± 0.04) (p=0.36) and right punctured knee joint 3.48mm (± 
0.04) vs. 3.47mm (± 0.04) (p=0.41) was observed. In hemophilic mice, also no 
difference in maximum joint diameter in the left unaffected knee joint at baseline and 
24h after puncture of the right knee 4.14mm (± 0.04) vs. 4.15mm (± 0.05) (p=0.83) 
was measured. As a result of the induction of hemarthrosis, a clear increase in maxi-
mum joint diameter was observed in the right punctured knee of hemophilic mice. 
The mean knee joint diameter increased from 4.20mm (± 0.04) at baseline to 
5.51mm (± 0.18) 24h after induction of the joint bleeding (p<0.01). 

Effect of hemarthrosis on murine synovial uPA expression
In control mice the median (range) percentage uPA positive synovial lining cells was 
similar for the left 41% (range 10) and right knee 40% (range 9) (p=0.59). In hemop-
hilic mice, a significantly increase in the median percentage uPA positive synovial 
lining cells in the right punctured knee following hemarthrosis was observed: 43% 
(range 21) for the left knee versus 47% (range 15) for the right knee (p=0.03) (figure 
2)

Effect of hemarthrosis on murine plasma and synovial uPA, PAI-1, plasmin, 
and A2AP washout levels 
Levels of uPA, PAI-1, plasmin, and A2AP were measured in blood plasma and syno-
vial washouts to determine if the fibrinolytic system is altered following acute hemar-
throsis. Plasma levels of uPA were significantly elevated in punctured hemophilic 
mice 0.035ng/ml (range 0.011) and unaffected hemophilic control mice 0.042ng/ml 
(range 0.07) as compared to control mice 0.01ng/ml (range 0.025) (p<0.01) (figure 
3). Furthermore, no difference in synovial uPA levels between the left unaffected 
0.029ng/ml (range 0.072) and right punctured knee joint 0.021ng/ml (range 0.046) 
(p=0.58) was observed in control mice. Following hemarthrosis, synovial uPA levels 
significantly increased in the right punctured knee joint 0.016ng/ml (range 0.133) in 
comparison with the left unaffected knee joint 0.01ng/ml (range 0.077) in hemophilic 
mice (p=0.03). 
Subsequently, we measured the plasma and synovial levels of PAI-1. Also plasma 
levels of PAI-1 were significantly higher in punctured hemophilic mice 0.51ng/ml 
(range 1.6) and unaffected hemophilic control mice 0.56ng/ml (range 0.88) as 
compared to control mice 0.31ng/ml (range 0.58) (p<0.01) (figure 4). Synovial PAI-1 
levels in control mice were similar for the left unaffected knee joint 0.25ng/ml 
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Figure 2. Hemarthrosis stimulates the expression of uPA by synovial lining cells.  
Six control and six hemophilia mice were sacrificed 24h after induction of hemarthrosis. The left and right 
knee joints were isolated, fixed, sectioned, and stained for uPA (H-140). Representative immunohistoche-
mical staining of uPA (white arrows) in the left (A) and right knee (B) of control mice, and in the left (C) and 
right knee (D) of hemophilic mice are shown. Synovial lining expression of uPA (E) was quantitatively 
determined by two blinded observers and was determined as the percentage positive synovial lining cells 
of total synovial lining cells. The results of the two blinded observers were averaged. Data are shown as 
individual data points for each animal * p<0.05, Wilcoxon signed ranks test.

Figure 3. Hemarthrosis results in elevated synovial uPA levels in hemophilic mice. 
A patella-synovial washout was performed 24h following a puncture in the right knee of both control and 
hemophilic mice. Supernatants of plasma and washouts of both the left and right knee were evaluated for 
the presence of uPA using a mouse uPA activity assay (MUPAKT). Increased levels of uPA were present 
in plasma of unaffected and punctured hemophilic mice compared with control mice (A). The detected 
levels of uPA in synovial wash-outs in control mice were similar for the left versus the right knee (B). In 
hemophilic mice, hemarthrosis resulted in an increase in synovial uPA levels in the right knee in compari-
son with the left knee. Data are shown as median with individual data points of each animal. * p<0.05, 
Mann-Whitney test was used for comparison between control and hemophilic mice. Wilcoxon signed 
ranks test was used for comparison of paired data. 

 

 

 

 

      
A B D C 

Control mice Hemophilic mice 
Left (unaffected)  Right (punctured)         Left (unaffected) Right (punctured) 

 E 

82



Figure: 4 Increased plasma and synovial PAI-1 levels in hemophilic mice following hemarthrosis. 
Supernatants of plasma and washouts 24h following a puncture in the right knee of both control and 
hemophilic mice were evaluated for the presence of active PAI-1 using a mouse PAI-1 activity assay 
(MPAIKT). Increased levels of PAI-1 were present in plasma of unaffected and punctured hemophilic mice 
compared with control mice (A). In control mice similar PAI-1 levels were present in synovial wash-outs of 
the left versus the right knee (B). Hemarthrosis resulted in an increase in synovial PAI-1 levels of the right 
knee in comparison with the left knee in hemophilic mice (B). Data are shown as median with individual 
data points * p<0.05, Mann-Whitney test was used for comparison between control and hemophilic mice. 
Wilcoxon signed ranks test was used for comparison of paired data. 

(range 0.63) and the right punctured knee joint 0.23ng/ml (range 0.5) (p=0.40). 
However, in hemophilic mice a significantly higher synovial PAI-1 level 0.32ng/ml 
(range 2.84) in the right punctured knee was measured in comparison to the left 
unaffected knee joint 0.17ng/ml (range 1.67) (p<0.01).
We next measured the plasma and synovial levels of plasmin. In control mice 
plasma plasmin levels 0.02μg/ml (range 0.14) were rather low (figure 5). Plasma 
levels of plasmin were significantly higher in punctured hemophilic mice 0.22μg/ml 
(range 0.9) (p=0.03) and unaffected hemophilic control mice 0.26μg/ml (range 0.5). 
Synovial plasmin levels for the left unaffected knee joint 0.44μg/ml (range 0.15) and 
the right punctured knee joint 0.52μg/ml (range 0.17) in control mice were not 
different (p=0.19). In the right punctured knee joint 0.53μg/ml (range 0.45) of hemop-
hilic mice a significantly higher synovial plasmin level was noticed 24h after the 
induction of hemarthrosis as compared to the left control knee joint 0.46μg/ml (range 
0.25) (p=0.01).
Finally, we measured the plasma and synovial levels of A2AP. Plasma A2AP levels 
were significantly higher in hemophilic mice 0.015μg/ml (range 0.07) and unaffected 
hemophilic control mice 0.018ng/ml (range 0.04) as compared to control mice 0.007
μg/ml (range 0.04) (p<0.01) (figure 6). Synovial A2AP levels of the left unaffected 
knee joint 0.022μg/ml (range 0.001) and the right punctured knee joint 0.023μg/ml 
(range 0.01) were not different in control mice (p=0.32). Also, no difference in syno-
vial A2AP levels of the left unaffected knee joint 0.021μg/ml (range 0.001) and the 
right punctured knee joint 0.021μg/ml (range 0.001) in hemophilic mice were found 
(p=0.15). 
The increased uPA, PAI-1, and plasmin levels in the experimental hemophilic joints 
is not due to blood remainings as there was a pre-rinse to remove all blood. More-

5

Hemarthrosis stimulates the synovial fibrinolytic system

83



over A2AP levels were not elevated in these washouts as compared to contra lateral 
control joints, demonstrating the absence of contamination.

Figure 5. Hemarthrosis results in elevated synovial plasmin levels in hemophilia mice.
Supernatants of plasma and synovial washouts 24h following a puncture in the right knee of both control 
and hemophilic mice were evaluated for the presence of plasmin using a mouse plasmin activity assay 
(MPLMKT). Increased levels of plasmin were present in plasma of unaffected and punctured hemophilic 
mice compared with control mice (A). Synovial plasmin levels were similar in the left versus the right knee 
in control mice (B). Hemarthrosis resulted in an increase in plasmin levels in wash-outs of the right knee 
in comparison with the left knee in hemophilic mice (B). Data are shown as median with individual data 
points * p<0.05, Mann-Whitney test was used for comparison between control and hemophilic mice. 
Wilcoxon signed ranks test was used for comparison of paired data. 

Figure 6. Synovial alpha-2-antiplasmin levels are not affected by hemarthrosis.
Supernatants of plasma and synovial washouts 24h following a puncture in the right knee of both control 
and hemophilic mice were evaluated for the presence of A2AP using a mouse alpha-2-antiplasmin activity 
assay (MA2APKT). Increased levels of A2AP were present in plasma of unaffected and punctured 
hemophilic mice compared with control mice (A). Synovial A2AP levels were similar in the left versus the 
right knee in both the control and hemophilic mice (B). Data are shown as median with individual data 
points * p<0.05, Mann-Whitney test was used for comparison between control and hemophilic mice. 
Wilcoxon signed ranks test was used for comparison of paired data. 
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Human synovial uPA production
To translate our murine in vivo data demonstrating that hemarthrosis resulted in 
higher synovial uPA levels, we investigated if human synovial uPA production by 
isolated synovial fibroblasts was upregulated following in vitro culture with human 
ferrous stabilized hemoglobin A0 as mimicking cell stimulation during hemarthrosis. 
Confluent synovial fibroblasts were cultured in the presence of medium or human 
ferrous stabilized hemoglobin A0 [0.8-500 μg/ml] for 24h. Urokinase levels were 
measured in harvested supernatants. Human ferrous stabilized hemoglobin A0 
induced a dose-depended and significantly (p<0.05) increase in human synovial uPA 
release: 0.864ng/ml (range 1.06), 2.06ng/ml (range 2.04), 2.04ng/ml (range 4.74), 
2.76ng/ml (range 10.9), 3.81ng/ml (range 18.4), and 3.97ng/ml (range 20.5); for 
medium, 0.8, 4, 20, 100, and 500μg/ml hemoglobin A0, respectively (figure 7A). 

Effects of plasmin on human cartilage
Our in vivo data demonstrate that the local fibrinolytic system is altered resulting in 
elevated plasmin levels 24h after the induction of hemarthrosis in hemophilic mice. 
We next questioned whether plasmin, as the principal effector protease of the 
fibrinolytic system, induces cartilage damage in human healthy cartilage tissue. We 
therefore cultured healthy human knee cartilage tissue explants from 5 donors in the 
presence of various concentrations of plasmin (10-1000nM). Proteoglycan release 
was determined to assess the cartilage damage. Proteoglycan release increased in 
a dose-dependent manner for various concentrations of plasmin. A significantly 
(p<0.05) increase in proteoglycan release (mg per gram wet weight of tissue) was 
observed for plasmin 100nM 1.07mg/g (range 0.75), plasmin 300nM 1.38mg/g 
(range 1.41) and plasmin 1000nM 1.76mg/g (range 2.16) in comparison to medium 
0.3mg/g (range 0.5) (figure 7B).

Figure 7. Hemoglobin increases synovial uPA release in human synovial fibroblast-like synoviocy-
tes and plasmin increases proteoglycan release in human cartilage
Supernatants of human synovial fibroblast-like synoviocytes cultured in the absence or presence of 
human ferrous stabilized hemoglobin A0 [0.8-500 μg/ml] were evaluated for the presence of uPA using a 
human uPA activity assay (HPLMKT). Human ferrous stabilized hemoglobin A0 induced a dose-depended 
increase in human synovial uPA release (A). Human healthy cartilage explants were cultured in the 
presence of medium or various concentrations plasmin (10-1000nM). Proteoglycan release was 
determined by the loss of glycosaminoglycans in the culture medium. Plasmin induced a dose-depended 
increase in proteoglycan release in human cartilage (B). Data are shown as median with interquartile 
range * p<0.05, Kruskal-Wallis test. 
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Discussion

Hemophilic arthropathy secondary to recurrent hemarthrosis is composed of chronic 
synovitis and cartilage destruction1,18. In this study, using an in vivo murine hemophi-
lia model, we provide evidence that hemarthrosis stimulates the local synovial 
fibrinolytic system resulting in increased synovial uPA expression and increased 
synovial levels of active uPA and plasmin, despite elevation of PAI-1, and without 
changes in A2AP. The data presented herein also show that ferrous stabilized hemo-
globin A0 in vitro induces human synovial uPA production confirming our murine in 
vivo findings. Finally, our study demonstrates that plasmin, as the principal effector 
protease of the fibrinolytic system, induces proteoglycan release in human cartilage 
and with that directly contributes to cartilage damage. 
It is known that a disturbed intravascular fibrinolysis is present in hemophilia 
patients19,20. The disturbed intravascular fibrinolytic activity in hemophilia patients 
results from an increase in components of the fibrinolytic system and a defective 
down regulation of fibrinolysis due to reduced thrombin activatable fibrinolysis inhibi-
tor (TAFI) activation20,21. Both fibrinolytic markers such as tissue-type plasminogen 
activator (tPA) and PAI-1, and fibrin degradation products such as prothrombin 
fragments 1 and 2 (F1+2), and D-dimer were found to be elevated in plasma from 
hemophilia patients22,23. 
It is interesting to note that in our study, all the investigated intravascular fibrinolytic 
parameters, uPA, PAI-1, plasmin, and A2AP, were increased in hemophilic mice 
irrespective of hemarthrosis in comparison to control mice. It remains unclear if this 
increased intravascular fibrinolytic activity contributes to the onset of hemarthrosis 
and subsequently the development of HA. Several phenotype studies suggest a 
correlation between disturbed intravascular fibrinolytic activity, such as reduced TAFI 
and increased tPA, PAI-1, F1+2, and D-dimer levels, and a more intense hemorrha-
gic phenotype23. This is however not conclusive, and further proof is needed to 
establish this beyond doubt. 
In the present study we obtained evidence indicating that hemarthrosis stimulates 
the local synovial fibrinolytic system, resulting in elevated synovial levels of active 
uPA, PAI-1, and plasmin. Urokinase-type plasminogen activator is the major activa-
tor of fibrinolysis in the extravascular compartment24. It is synthesized as an inactive 
pro-enzyme (pro-uPA) and undergoes post-translational modifications to form single 
chain uPA (scu-PA). This scu-PA binds to its own receptor, uPAR, and is cleaved by 
plasmin or other proteases to generate the active uPA form, two-chain uPA (tcu-PA),  
which in turn increases the conversion of plasminogen to plasmin25. The synovial 
lining is known to express and synthesize uPA and uPAR9,26. With an antibody detec-
ting both scu-PA and tcu-PA, we observed an increase in synovial lining uPA expres-
sion following hemarthrosis in a murine model of acute joint bleeding in hemophilic 
mice. 
Besides an increase in synovial uPA expression, hemarthrosis resulted in an incre-
ase in synovial uPA levels in these hemophilic mice. This is functionally active uPA, 
as the used assay only detects tcu-PA. The elevated synovial uPA levels are most 
likely the direct result of increased synovial uPA expression and subsequently 
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activation of scu-PA to the active tcu-PA. 
Our in vivo uPA findings were confirmed in a human in vitro study. Hemoglobin, one 
of the most abundant proteins present in hemarthrosis and originally contained in the 
erythrocytes, induced in a dose-dependent manner the release of active uPA in 
human fibroblast-like synoviocytes. These findings are in line with others, demon-
strating an increase in fibrinolytic activity following the stimulation of several 
fibroblast cell lines with hemoglobin27. The exact mechanism whereby hemoglobin 
induces uPA release in fibroblast-like synoviocytes remains unknown. 
In addition to an increase in synovial uPA levels, an increase in functionally active 
synovial PAI-1 levels was found following hemarthrosis in hemophilic mice. PAI-1 is 
the primary inhibitor of uPA and reacts in a 1:1 ratio with tcu-PA, but not with 
scu-PA28. Besides active inhibition, the active form of PAI-1 also spontaneously 
converts into the latent form (50% conversion in approximately 2h at 37 ºC)29. The 
observed increase in synovial PAI-1 levels is probably the result from a 
TNF-α-mediated increase in  PAI-1 expression and production in synovial lining cells 
and synovial macrophages30. TNF-α, produced by iron-loaded synovial cells, is 
abundantly present in hemarthrosis and is known to be a powerful inducer of PAI-1 
expression31. 
Despite the elevated PAI-1 levels, the net result of the increase of both synovial uPA 
and PAI-1 was a significant increase in synovial levels of active plasmin following 
hemarthrosis in hemophilic mice. Plasmin is the main effector protease of the fibrino-
lytic system and cleaves besides fibrin and fibrinogen, a variety of other plasma 
proteins and clotting factors. Synovial plasmin formation following hemarthrosis may 
be localized on the synovial cell surface. Synovial cells express on their surfaces 
uPAR, and it is known that urokinase-catalyzed events are co localized with these 
receptors. In addition, synovial tissue express on their surfaces several plasminogen 
binding receptors facilitating plasminogen activation and protecting bound plasmin 
from inhibition by A2AP32. 
Alpha-2-antiplasmin is the primary physiological inhibitor of plasmin33. It forms a 1:1 
complex with plasmin, resulting in an irreversible inactive complex following two 
consecutive reactions. It is important to note that hemarthrosis did not result in an 
increase in A2AP in hemophilic mice in our study facilitating ongoing synovial fibrino-
lytic activity. In contrast, in other joint diseases such as osteoarthritis (OA) and rheu-
matoid arthritis (RA) increased synovial fluid A2AP levels have been found10. It is 
known that plasmin released into the circulation is rapidly inactivated by A2AP. 
However, A2AP is present in lower concentrations than is plasminogen and there-
fore can become depleted while plasmin is continuing to be generated34. A depletion 
of A2AP in the presence of ongoing generation of plasmin could also be an explana-
tion for the absence of increased synovial A2AP levels following the induction of 
hemarthrosis in hemophilic mice. 
Recent studies demonstrate that other alterations in local haemostasis may contri-
bute to increased local fibrinolytic activity. Dargaud and colleagues observed an 
increase in both thrombomodulin (TM), a natural anticoagulant, and Tissue Factor 
Pathway Inhibitor (TFPI), a natural inhibitor of factor X activation, in synovial fluid of 
patients with haemophilia as compared to controls35,36. These findings were 
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accompanied by an inhibition of thrombin generation.
The synovial cell surface receptors for uPA and plasmin, the generation of plasmin 
with subsequently activation of scu-PA and new plasmin formation, the reduced TAFI 
activation, the increase in TM and TFPI, and the absence of increased synovial 
A2AP levels probably stimulate ongoing local fibrinolytic activity following hemarthro-
sis in hemophilia. Although direct proof for increased fibrinolytic activity is missing in 
our study as no measures of lysis of fibrin were measured, our study clearly demon-
strate that haemarthrosis result in an activation of the synovial fibrinolytic system 
resulting in an increase in functionally active plasmin.
This activation of the synovial fibrinolytic system makes the synovial joint potentially 
more vulnerable for prolonged and subsequent bleedings as it is known that clots 
lyses prematurely in factor deficient plasma in the presence of urokinase-induced 
fibrinolytic activity19,21. 
Besides stimulation of premature clot lysis, there is abundant evidence that a stimu-
lated fibrinolytic system is also deleterious in joint inflammation, and strategies that 
block components of the fibrinolytic system can attenuate joint inflammation37. Joint 
diseases, such as OA and RA, were found to have increased fibrinolytic 
activity9,10,38,39. Furthermore, injection of uPA or plasmin in murine joints induced the 
release of pro-inflammatory cytokines and resulted in the induction of synovitis and 
cartilage destruction, whereas a reduction in synovitis and cartilage destruction was 
found in uPA deficient and plasminogen deficient mice40,41. 
As we observed a significant stimulation of the fibrinolytic system following hemar-
throsis and considering the above, we next questioned if plasmin, as the main effec-
tor protease of the fibrinolytic system, is involved in blood-induced cartilage destruc-
tion and the pathophysiology of HA. Indeed, culture of human articular explants with 
plasmin resulted in a dose-dependent increase in proteoglycan release. Our findings 
are in line with previous studies indicating that plasmin contributes to cartilage 
destruction42. Once formed, plasmin can degrade cartilage either directly via an 
unknown mechanism, or indirectly, through the activation of pro-matrix metallopro-
teinases (pro-MMPs). It is known that plasmin is able to convert most of the 
pro-MMPs to active metalloproteinases43-45. Matrix metalloproteases (MMPs) are 
endopeptidases involved in the degradation of extracellular matrix components, 
such as collagen and proteoglycans, resulting in cartilage destruction.  
Our data suggest that antifibrinolytic therapy would contribute to prevention of 
re-bleedings and reduction of bleeding complications in hemophilic patients. The 
concept of antifibrinolytic therapy in hemophilia is not new and has been advocated 
for years. The most commonly used antifibrinolytics in hemophilia are 
ε-aminocaproic acid and tranexamic acid, both lysine analogues that inhibit plasmin 
formation. Indeed, tranexamic acid combined with recombinant factor VIII was found 
to increase clot resistance to accelerated fibrinolysis in severe hemophilia A plasma, 
and a modest but promising hemostatic effect of systemic mono-therapy with antifi-
brinolytics was found in a number of studies46,47. These findings support the use of 
antifibrinolytics in the treatment of hemophilia patients and at present several 
hemophilia centers already include the use of antifibrinolytics adjunctive to factor 
substitution in the treatment of hemarthroses48. 
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In conclusion, our study demonstrates that hemarthrosis induces the synovial 
fibrinolytic system making the joint more vulnerable to prolonged and subsequent 
bleedings and adding directly to cartilage damage.
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Abstract

Objective:

Protease-activated receptors (PARs) are stimulated by proteolytic cleavage of their 
extracellular domain. Coagulation proteases, as FVIIa, the binary TF-FVIIa complex, 
free FXa, the ternary TF-FVIIa-FXa complex, and thrombin, are able to stimulate 
PARs. Whereas the role of PARs on platelets is well known, their function in naïve 
monocytes and peripheral blood mononuclear cells (PBMCs) is largely unknown. 
This is of interest because PAR-mediated interactions of coagulation proteases with 
monocytes and PBMCs in diseases with an increased activation of coagulation may 
promote inflammation. The objective of this study is to evaluate PAR-mediated 
inflammatory reactions in naïve monocytes and PBMCs stimulated with coagulation 
proteases. 

Methods:

For this, PAR-expression at protein and RNA level on naïve monocytes and PBMCs 
was evaluated with flow cytometry and RT-PCR. In addition cytokine release (IL-1β, 
IL-6, IL-8, IL-10, TNF-α) in stimulated naïve and PBMC cell cultures was determined. 

Results:

In this study it is demonstrated that naïve monocytes express all four PARs at the 
mRNA level, and PAR-1, -3, and -4 at the protein level. Stimulation of naïve monocy-
tes with coagulation proteases did not result in alterations in PAR expression or in 
the induction of inflammation involved cytokines like interleukin-1β (IL-1β), 
interleukin-6 (IL-6), interleukin-8, interleukin-10, or tumor necrosis factor-α. In 
contrast, stimulation of PBMCs with coagulation proteases resulted in thrombin-
mediated induction of IL-1β and IL-6 cytokine production and PBMC cell proliferation 
in a PAR-1-dependent manner. 

Conclusion:

These data demonstrate that naïve monocytes are not triggered by coagulation 
proteases, whereas thrombin is able to elicit pro-inflammatory events in a PAR-1-
dependent manner in PBMCs.
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Introduction

The coagulation cascade consists of several serine proteases, including the coagu-
lation proteases Factor VIIa (FVIIa), Factor Xa (FXa), and the main effector protease 
thrombin1. Formation of the Tissue Factor-Factor VIIa (TF-FVIIa) complex is the 
major physiological trigger for thrombin generation and blood coagulation. The 
TF-FVIIa complex binds and cleaves the zymogen Factor X (FX) to FXa, the active 
protease. FXa in turn binds its cofactor Factor Va, and this prothrombinase complex 
cleaves prothrombin (FII) to active thrombin (FIIa) the main effector protease2. 
In addition to maintaining normal hemostasis, studies revealed an additional role of 
coagulation proteases in cell signaling3. First, TF as the principal initiator of the 
coagulation cascade, belongs to the cytokine receptor superfamily and recently it 
becomes of great interests for its ability to prevent apoptosis, to induce cell prolifera-
tion, and is possible role in cytokine production after its activation by FVIIa4. Second, 
coagulation proteases are able to function as signaling molecules through the 
activation of specialized G-protein coupled receptors called proteinase activated 
receptors (PARs). To date, four PARs have been identified (PAR-1-4)5-8. PARs have 
been detected in numerous cell types including neutrophils, monocytes, macropha-
ges, and T-cells9-12.
The unique mechanism whereby serine proteases signal via PARs involves the 
cleavage of the receptor N-terminal exodomain at a specific site5. This cleavage 
unmasks a new N terminus that subsequently serves as a tethered ligand. The tethe-
red ligand acts as a receptor activating ligand, resulting in PAR activation. 
The role of FVIIa, the binary TF-FVIIa complex, free FXa, the ternary TF-FVIIa-FXa 
complex, and thrombin in PAR-mediated cell signaling has been investigated in 
different (monocyte) cell lines. In these studies it was demonstrated that FVIIa, in the 
presence of TF-expressing cells, as well as the binary TF-FVIIa complex and the 
combination of soluble TF and FVIIa are able to activate PAR-213-15. More down-
stream the coagulation cascade, free FXa and FXa, generated in the TF-initiated 
coagulation and bound in the ternary TF-FVIIa-FXa complex, were found to activate 
both PAR-1 and PAR-213,16,17. In these studies it appeared that free FXa and the 
binary TF-FVIIa complex are much less efficient in PAR activation in comparison to 
FXa bound in the ternary complex13. Finally, thrombin as the main effector protease 
of the coagulation cascade was found to be able to activate PAR-1, PAR-3, and 
PAR-418. 
In general, activation of PARs with coagulation proteases results in alterations in 
gene regulation, induction of cell proliferation and cell migration, angiogenesis, and 
IL-1ß, IL-6, and IL-8 cytokine production13,19-21. In general, activation of PARs with 
coagulation proteases results in alterations in gene regulation, induction of cell 
proliferation and cell migration, angiogenesis, and IL-1ß, IL-6, and IL-8 cytokine 
production13,19-21. Indeed, it is known that coagulating whole blood results in the 
production of IL-6 and IL-8 and that administration of FVIIa in healthy human 
subjects results in the release of IL-6 and IL-812. 
It is assumed that monocytes and PBMCs play an integral part in both coagulation 
and inflammation. Furthermore, monocytes express at mRNA level PAR-1 and
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PAR-3, little PAR-2, and no PAR-4, and at protein level PAR-1, PAR-3, and PAR-
410,12. Therefore, several of the above referred studies investigated PAR-mediated 
crosstalking in monocytes. However, contradicting results have been found and in 
most of the above studies cell lines, or artificially pre-activated monocytes and 
PBMCs or supraphysiological concentrations of coagulation proteases have been 
used to study the effects of coagulation proteases for potential PAR-mediated 
inflammatory properties22. 
As such it remains unclear what the immune modulating effects of coagulation prote-
ases are in naïve human monocytes and naïve PBMC cell cultures. This is of interest 
for diseases, such as systemic infections, reumatoid arthritis, and osteoarthritis, 
which are associated with an increased activation of coagulation and the presence 
of physiological concentrations of coagulation proteases, which may contribute to 
pro- or anti-inflammatory responses in a PAR-dependent manner.
Therefore, in this study it was investigated whether coagulation proteases (FVIIa, 
the binary TF-FVIIa complex, the binary TF-FVIIa complex with free FX, free FX, free 
FXa, and thrombin) in physiological concentrations can elicit pro- or 
anti-inflammatory responses in a PAR-dependent manner in naïve (non 
pre-activated) human monocytes and PBMCs.

Materials and Methods

Materials
Ficoll-Paque was purchased from Pharmacia (Uppsala, Sweden) and CD14 micro-
beads from Miltenyi Biotec (Bergisch Gladbach, Germany). Dulbecco’s modified 
Eagle’s medium (DMEM) was obtained from Invitrogen (Carlsbad, USA). Heat-
inactivated human male AB serum was from Sigma-Aldrich (St. Louis, USA). Allop-
hycocyanin (APC)-conjugated monoclonal mouse anti-human CD14 antibody and 
APC-conjugated isotype control antibody were from BD Biosciences (Franklin 
Lakes, USA). Phycoerythrin (PE)-conjugated monoclonal mouse anti-human PAR-1 
(ATAP2) antibody, FITC-conjugated monoclonal mouse anti-human PAR-2 (SAM11) 
antibody, PE-conjugated monoclonal mouse anti-human PAR-3 (8E8) antibody, and 
APC-, PE- and FITC-conjugated isotype control antibodies were from Santa Cruz 
Biotechnology Inc. (Santa Cruz, USA). FITC-conjugated polyclonal rabbit 
anti-human PAR-4 (APR-034-F) antibody was obtained from Alomone Labs 
(Jerusalem, Israel). PE-conjugated monoclonal mouse anti-human TF (HTF-1) 
antibody and PE-conjugated isotype control antibody were from BD Biosciences 
(Franklin Lakes, USA). Recombinant human FVIIa was kindly provided by Novo 
Nordisk A/S (Maaloev, Denmark). Recombinant human tissue factor (4500L), human 
factor X (527), and human activated factor X (526) were purchased from American 
Diagnostica Inc. (Stamford, USA). Human alpha thrombin factor IIa (IHT; activity ≥ 
2700 NIH units/mg) was obtained from Innovative Research (Novi, USA). The 
activity of the purchased coagulation proteases was tested positive in coagulation 
assays before use. Purified LPS was purchased from Sigma-Aldrich (St. Louis, 
USA). PAR-1 antagonist FR171113 was obtained from Tocris Bioscience (Bristol, 
UK). FR171113 is a highly purified (>98%) specific PAR-1 antagonist which is able
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to inhibit thrombin induced platelet aggregation. Interleukin-1β (IL-1β), Interleukin-10 
(IL-10) and Tumor Necrosis Factor-alpha (TNF-α) enzyme-linked immunosorbent 
assay (ELISA) kits were from Invitrogen (Carlsbad, USA). Interleukin-6 and IL-8 
ELISA kits were obtained from eBioscience (San Diego, USA). All other chemicals 
were from Sigma-Aldrich (St. Louis, USA).

Isolation and culture of naïve monocytes and PBMCs
Peripheral blood was obtained from five different healthy donors after informed 
consent (age 37.2 ±4.9 years; 2 males and 3 females). PBMCs were isolated by 
Ficoll-Paque (Pharmacia) according to standard procedures. Monocytes were isola-
ted from these PBMCs by positive selection using the autoMACS magnetic cell 
sorting system (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the 
manufacturer’s instructions. Briefly, PBMCs were incubated with saturating concen-
trations of CD14 microbeads at 4ºC for 15 minutes, washed, and suspended in PBS 
containing 2mM Ethylenediaminetetraacetic acid and 0.5% bovine serum albumin 
(BSA). The cell suspension was then applied to the autoMACS separator using the 
positive selection program. The CD14-positive cells were eluted from the magnetic 
column; a purity of >98% was routinely obtained as confirmed by flow cytometry. 
Previous studies using mRNA profiling as readout have demonstrated that isolation 
procedures do not result in relevant activation of the isolated cells. 
Naïve PBMCs and naïve CD14+ monocytes were recuperated in culture for 24 hours 
in DMEM supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin and 2mM 
L-glutamine (DMEM+), with 10% heat-inactivated human male AB serum. Naïve 
PBMCs were cultured in 96 wells plate (Nunc) at a concentration of 1x105 PBMCs 
per well according to standard procedures, whereas naïve CD14+ monocytes were 
cultured in 24 wells plate at a concentration of 1x106 cells per well. Both naïve 
PBMCs and naïve CD14+ monocytes were cultured in a cell/tissue incubator under 
5% CO2 in air (pH7.4), at 37ºC and 95% humidity. After the 24 hours of recuperation 
medium was replaced with serum free DMEM+ with additives according to the expe-
rimental conditions and cells were cultured for an additional 24 hours. Experimental 
conditions included stimulation with FVIIa[25nM], TF[37pM]+FVIIa[25nM], 
TF[37pM]+FVIIa[25nM]+FX[100nM], FX[100nM], FXa[10nM], or Thrombin[300nM]. 
These concentrations corresponds with a FVIIa dose of 90µg/kg body weight for 
FVIIa in case of treatment, and known estimated physiological intravascular concen-
trations of TF[37pM], FX[135nM], FXa [13.5nM], and thrombin [2-300nM]23.

PAR expression at the RNA level
For reverse transcription-polymerase chain reaction (RT-PCR) RNA was isolated 
from naïve CD14+ monocytes with RNeasy Mini Kit (Qiagen, Germantown, USA) 
according to the manufacturer’s instructions. RT-PCR was carried out using 
GeneAmp RNA PCR Core kit (Applied Biosystems, Carlsbad, USA) according to the 
manufacturer’s instructions. DNase-treated RNA samples were reverse transcribed 
to complement DNA (cDNA) using recombinant Moloney murine leukemia virus 
reverse transcriptase. An aliquot of the reaction mixture was then used for PCR 
amplification using universal PCR master mix and the following primer sequences:
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PAR-1 (sense) 5’-TACGCCTCTATCTTGCTCATGAC-3’ and PAR-1 (antisense) 
5’-TTTGTGGGTCCGAAGCAAAT-3’; PAR-2 (sense) 5’-TGGATGAGTTTTCTGCAT
CTGTCC-3’ and PAR-2 (antisense) 5’-CGTGATGTTCAGGGCAGGAATG-3’; PAR-3 
(sense) 5’-TCCCCTTTTCTGCCTTGGAAG-3’ and PAR-3 (antisense) 5’-AAACTGT
TGCCCACACCAGTCCAC-3’; PAR-4 (sense) 5’-AACCTCTATGGTGCCTACGTGC 
and PAR-4 (antisense) 5’-CCAAGCCCAGCTAATTTTTG-3’; yielding a PCR product 
with an expected size of 453, 491, 513, and 541 base pair (bp) for PAR-1, PAR-2, 
PAR-3, and PAR-4, respectively. PAR-1, PAR-2, and PAR-3 were amplified with 35 
cycles (94ºC for 30 seconds, 55ºC for 30 seconds, 72ºC for 60 seconds). PAR-4 was 
amplified with 35 cycles (94ºC for 30 seconds, 55ºC for 30 seconds, 72ºC for 30 
seconds). Beta-actin (β-actin) was used as positive control using the following 
primer sequences: β-actin (sense) 5’-CCAAGGCCAACCGCGAGAAGATG-3’ and 
β-actin (antisense) 5’-AGGGTACATGGTGGTGCCGCCAG-3’; yielding a expected 
PCR product of 587 bp. Beta-actin was amplified with 35 cycles (94ºC for 60 
seconds, 60ºC for 90 seconds, 72ºC for 60 seconds). Negative control was perfor-
med for each reaction and included the omission of the reverse transcriptase or the 
omission of cDNA in the PCR mix. PCR products were resolved on a 1.5% agarose 
gel for visualization.

Flow Cytometry 
Flow cytometry analysis was performed of the freshly isolated naïve CD14+ mono-
cytes and the CD14+ monocytes cultured for 24h with experimental conditions. 
Briefly, the freshly isolated naïve CD14+ monocyte cell pellet was washed in PBS 
containing 1% BSA and 0.1% Na-azide and subsequently used for incubation with 
fluorochrome-labeled antibodies. The CD14+ monocytes cultured with experimental 
conditions for 24 hours were placed on ice for 1 hour. Subsequently, medium with 
CD14+ monocytes were transferred to 1.5mL tubes and centrifuged at 900g for 5 
minutes at room temperature. Supernatants were harvested, the remaining CD14+ 
cell pellet was washed in PBS containing 1% BSA and 0.1% Na-azide, and centri-
fuged at 900g for 5 minutes at room temperature. After centrifuging, freshly isolated 
naïve CD14+ monocytes as well as cultured CD14+ monocytes were incubated with 
APC-conjugated monoclonal mouse anti-human CD14 antibody, PE-conjugated 
monoclonal mouse anti-human PAR-1 (ATAP2) antibody, FITC-conjugated monoclo-
nal mouse anti-human PAR-2 (SAM11) antibody, PE-conjugated monoclonal mouse 
anti-human PAR-3 (8E8) antibody, FITC-conjugated polyclonal rabbit anti-human 
PAR-4 (APR-034-F) antibody, PE-conjugated monoclonal mouse anti-human TF 
(HTF-1) antibody, and APC-, PE- and FITC-conjugated isotype control antibodies for 
30 minutes at 4ºC in the dark. After a final washing and centrifuging step, cells were 
fixated in 2% paraformaldehyde. All cells were analyzed using the FACS Calibur (BD 
Biosciences, Franklin Lakes, USA) and FlowJo software (Tree Star Inc., Oregon, 
USA).

Cytokine assays
For cytokine assays, naïve PBMCs and naïve CD14+ monocytes recuperated for 24
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hours and subsequently cultured according to the experimental conditions for 24h 
were used. Supernatants were harvested, transferred to 1.5mL tubes, centrifuged at 
900g for 5 minutes at room temperature and cryopreserved at -80ºC. Cytokine 
production (IL1-β, IL-6, IL-8, IL-10, and TNF-α) was determined in triplicate. 
Standard and positive control recovery for each ELISA assay was between 
90-110%. 

Cell proliferation assay
Cell proliferation was determined by 3H-thymidine incorporation in a subset of naïve 
PBMCs recuperated for 24 hours and subsequently cultured according to the experi-
mental conditions for an additional 24 hours. Briefly, for the last 18 hours of culture 
20μl 3H-thymidine (NEN Life Science Products, Amsterdam, The Netherlands) at a 
concentration of 5μCI/mL was added. 3H-thymidine incorporation was determined 
by liquid scintillation counting, expressed as counts per minute (CPM) according to 
standard procedures.

Statistical analysis
For data storage and management Microsoft Excel (Microsoft, Redmond, USA) was 
used. Graphic presentation was performed with GraphPad Prism version 5.00 
(GraphPad Software, San Diego, USA) and statistical analysis was performed with 
SPSS version 15.0 (IBM, SPSS, Armonk, USA). Data are shown as median with 
range unless stated otherwise. Data were analyzed by Wilcoxon signed ranks test. 
Statistical significance was denoted at p<0.05.

Results

Freshly isolated naïve CD14+ monocytes express all PARs at mRNA level
We first investigated the expression of the four PARs at mRNA levels on freshly 
isolated naïve monocytes. Primers specific for PAR-1, PAR-2, and PAR-3 yielded 
bands of the expected respective size (figure 1). Only a faint band of PAR-4 amplifi-
cation product was observed. Analysis of monocyte RNA without reverse transcrip-
tase did not lead to amplification of any product, indicating that the PCR products 
obtained were not due to genomic DNA contamination (data not shown). In all cases 
positive control expression of β-actin at mRNA level was found.

Freshly isolated naïve CD14+ monocytes express PAR-1, PAR-3, PAR-4, but 
not PAR-2, nor TF at protein level
We next investigated expression of the four PARs and TF at the protein level on 
freshly isolated naïve CD14+ monocytes. As an example, freshly isolated naïve 
CD14+ monocytes showed clear expression of PAR-1, PAR-3, and PAR-4, but not of 
PAR-2 and TF (figure 2). The expression profile is representative for the other indivi-
dual donors. These results support that PAR-1, PAR-3, and PAR-4 mediated cell 
signaling in naïve monocytes is possible.
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Figure 1. Expression of mRNA’s encoding PAR-1, PAR-2, PAR-3, and PAR-4 in freshly isolated 
naïve CD14+ monocytes. 
Representative reverse transcriptase-polymerase chain reaction analysis of PAR-1, PAR-2, PAR-3, and 
PAR-4 gene expression in freshly isolated naïve CD14+ monocytes indicating that monocytes express all 
four PARs at mRNA level. Equal amounts of total RNA were analyzed. β-actin mRNA served as a positive 
control for lane loading.

Figure 2. Freshly isolated naïve monocytes express PAR-1, PAR-3, and PAR-4, but do not express 
PAR-2 or TF. 
Naïve monocytes from a representative donor were stained with CD14 (M5E2), PAR-1 (ATAP2), PAR-2 
(SAM11), PAR-3 (8E8), PAR-4 (APR-034-F), TF (HTF-1), and isotype-matched control antibodies as 
described. (A) Gating and selection of isolated CD14 positive monocyte population. (B,D,E) Naïve 
monocytes express PAR-1, PAR-3, and PAR-4. Flow cytometry staining of autofluorescent (dotted line), 
matched isotype control (thin solid line), and PAR-1, PAR-3, or PAR-4 (thick solid line). (C,F) naïve 
monocytes do not express PAR-2 and TF. Flow cytometry staining of autofluorescent (dotted line), isotype 
control (thin solid line), and PAR-2, or TF (thick solid line). Representative flow cytometry staining for all 
donors.
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To test whether PAR- and TF-expression on naïve CD14+ monocytes changed upon 
stimulation with possible PAR signaling molecules changed, PAR and TF expression 
was evaluated in naïve CD14+ monocytes cultured for 24h in the presence of FVIIa, 
the binary TF-FVIIa complex, the binary TF-FVIIa complex with FX, FX, FXa, 
thrombin, and as a positive control LPS. As shown in figure 3 and figure 4, both the 
percentage positive PAR-1, PAR-3, and PAR-4 expressing naïve monocytes, and 
the mean fluorescence for PAR-1, PAR-3, and PAR-4 were not altered. Percentage 
positive monocytes for medium conditions were 97% (range 4), 5.84% (range 1.1), 
and 99.9% (range 0.1), and 3.2% (range 2.86) for PAR-1, PAR-3, and PAR-4 respec-
tively. The median mean fluorescence for medium conditions were 73.5  (range 1), 
286.5 (range 97), 183 (range 131), and 38.2 (range 13.4) for PAR-1, PAR-3, and 
PAR-4 respectively. 
Also TF expression was evaluated on freshly isolated monocytes and the change in 
expression upon the different coagulation proteases tested. TF (3.2%; range 2.86) 
was hardly detectable on the freshly isolated naïve monocytes (figure 2E). As expec-
ted, LPS induced a statistically significant increase in the percentage TF expression 
naïve CD14+ monocytes (33.6%; range 58.6; p=0.008 compared to medium condi-
tion; figure 3D). The median mean fluorescence for medium condition was 38.2 
(range 13.4). LPS induced an increase in mean fluorescent for TF 88 (range 111; 
nearing statistically significance p=0.15)

Figure 3. PAR-1, PAR-3, and PAR-4 expression on naïve monocytes is not altered by stimulation 
with FVIIa, TF+rFVIIa, TF+rFVIIa+FX, FX, FXa, Thrombin, or LPS.
Monocytes (106) were cultured for 24h in the presence of FVIIa[25nM], TF[37pM]+FVIIa[25nM], 
TF[37pM]+FVIIa[25nM]+FX[100nM], FX[100nM], FXa[10nM], Thrombin[300nM], or LPS[1ng/ml]. Gated 
and selected CD14 positive monocytes were stained with PAR-1 (ATAP2), PAR-3 (8E8), PAR-4 (APR-
034-F), TF (HTF-1), and isotype-matched control antibodies as described. Illustrative histograms of the 
percentage positive monocytes for PAR-1(A), PAR-3(B), PAR-4 (C), and TF (D). Data are shown as 
median with 5-95 percentile from five separate experiments. FVIIa, Factor VIIa; TF, Tissue Factor; FX, 
Factor X; FXa, activated Factor X; LPS, lipopolysaccharide. 
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Figure 4. Mean fluorescence of PAR-1, PAR-3, and PAR-4 on naïve monocytes is not altered by 
FVIIa, TF+rFVIIa, TF+rFVIIa+FX, FX, FXa, Thrombin, or LPS.
Monocytes (106) were cultured for 24h in the presence of FVIIa[25nM], TF[37pM]+FVIIa[25nM], 
TF[37pM]+FVIIa[25nM]+FX[100nM], FX[100nM], FXa[10nM], Thrombin[300nM], or LPS[1ng/ml]. Gated 
and selected CD14 positive monocytes were stained with PAR-1 (ATAP2), PAR-3 (8E8), PAR-4 (APR-
034-F), TF (HTF-1), and isotype-matched control antibodies as described. Illustrative histogram of the 
mean fluorescence for staining for PAR-1(A), PAR-3(B), PAR-4 (C), and TF (D). Data are shown as 
median with 5-95 percentile from five separate experiments. FVIIa, Factor VIIa; TF, Tissue Factor; FX, 
Factor X; FXa, activated Factor X; LPS, lipopolysaccharide. 

Cytokine release by naïve CD14+ monocytes upon stimulation
FVIIa complex, the binary TF-FVIIa complex with free FX, free FX, free FXa, and 
thrombin are able to induce PAR-mediated cytokine release in naïve monocytes. 
Therefore we tested whether stimulation of naïve CD14+ monocytes with these 
coagulation proteases resulted in cytokine release. As shown in figure 5, FVIIa, the 
binary TF-FVIIa complex, the binary TF-FVIIa complex with free FX, free FX, free 
FXa, and thrombin were not able to induce a cytokine release in naïve CD14+ mono-
cytes. In contrast, stimulation of these naïve CD14+ monocytes with LPS as positive 
control resulted in abundant and statistically significant (p<0.05) release of IL-1β, 
IL-6, IL-8, IL-10, and TNF-α cytokines. 

Thrombin induced IL-1ß and IL-6 cytokine release in naïve PBMCs is PAR-1-
dependent
We next investigated whether stimulation of naïve PBMCs with coagulation protea-
ses might induce cytokine release. As shown in figure 6, FVIIa, the binary TF-FVIIa 
complex, the binary TF-FVIIa complex with FX, FX, and FXa were not able to induce 
cytokine releases in naïve PBMCs. In contrast, stimulation of naïve PBMCs with 
thrombin resulted in a statistically significant release of IL-1β and IL-6 cytokines, but 
not IL-8, IL-10, and TNF-α. Compared to medium, (10.1pg/ml; range 18.3) and
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(5.26pg/ml; range 3.4) for IL-1β and IL-6 respectively, stimulation of naïve PBMCs 
with thrombin increased IL-1β (42.5pg/ml; range 9.2; p=0.02) and IL-6 (41pg/ml; 
range 9; p=0.02) cytokine levels. Stimulation of PBMCs with LPS as a positive 
control resulted in abundant and statistically significant release of IL-1β, IL-6, IL-8, 
IL-10, and TNF-α cytokines (p<0.05). 

Figure 5. Effects of FVIIa, TF+FVIIa, TF+FVIIa+FX, FX, FXa, Thrombin, and LPS on cytokine produc-
tion in naïve monocytes. 
Monocytes (106/ml) were cultured for 24h in the presence of FVIIa[25nM], TF[37pM]+FVIIa[25nM], 
TF[37pM]+FVIIa[25nM]+FX[100nM], FX[100nM], FXa[10nM], Thrombin[300nM], or LPS [1ng/ml]. The 
culture supernatants were harvested and analyzed for IL-1β (A), IL-6 (B), IL-8 (C), IL-10 (D), and TNF-α 
(E) by ELISA assay in triplicate. Data are shown as median with 5-95 percentile from five separate experi-
ments. * denotes different for all other conditions, p<0.05, Wilcoxon signed ranks test. FVIIa, factor FVIIa; 
TF, Tissue Factor; FX, Factor X; FXa, activated Factor X; LPS, lipopolysaccharide. 

As can be seen in figure 7, the thrombin-stimulated IL-1β and IL-6 cytokine release 
in PBMCs was dose-dependently and was completely blocked by PAR-1 antagonist 
FR171113 [100µM]. Cytokine levels for thrombin [300nM] were 42.5pg/ml (range 
9.2) and 41pg/ml (range 9) for IL-1β and IL-6 respectively. Adding PAR-1 antagonist 
FR171113 [100µM] to thrombin [300n] resulted in a statistically significant reduction 
in release of IL-1β (0.45pg/ml; range 0.2; p=0.02) and IL-6 (0.4pg/ml; range 0.6; 
p=0.02). Adding PAR-1 antagonist FR171113 [100µM] solely to PBMCs did not result 
in a cytokine release. These results indicate that PAR-1 activation is required for 
thrombin-induced IL-1β and IL-6 cytokine release in naïve PBMCs.
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Figure 6. Stimulation of naïve PBMCs with thrombin results in IL-1β and IL-6 cytokine release. 
PBMCs (105) were cultured for 24h in the presence of FVIIa[25nM], TF[37pM]+FVIIa[25nM], 
TF[37pM]+FVIIa[25nM]+FX[100nM], FX[100nM], FXa[10nM], Thrombin[300nM], or LPS[1ng/ml]. The 
culture supernatants were harvested and analyzed for IL-1β (A), IL-6 (B), IL-8 (C), IL-10 (D), and TNF-α 
(E) by ELISA assay in triplicate. Data are shown as median with 5-95 percentile from five separate experi-
ments. * denotes different from medium condition.

Figure 7. PAR-1 dependent release of IL-1β and IL-6 cytokines by thrombin in naïve PBMCs. 
PBMCs (105) were cultured for 24h in the presence of Thrombin[30-300nM], and Thrombin[300nM] and 
PAR-1 antagonist[100μM]. The culture supernatants were harvested and analyzed for IL-1β (A) and IL-6 
(B) by ELISA assay in triplicate. Data are shown as median with 5-95 percentile from five separate experi-
ments. * denotes different from medium condition. # denotes different from Trombin[300nM], p<0.05, 
Wilcoxon signed ranks test. aPAR1, PAR-1 antagonist FR171113
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Thrombin induces PAR-1-dependent cell proliferation in naïve PBMCs
Finally it was assessed whether naïve PBMCs stimulated with FVIIa, the binary 
TF-FVIIa complex, the binary TF-FVIIa complex with FX, FX, FXa, thrombin, 
thrombin and PAR-1 antagonist, or LPS influenced PBMC cell proliferation. As 
shown in figure 8A and in line with the findings of the cytokine release experiments, 
thrombin enhanced PBMC cell proliferation. Stimulation with thrombin (465 CPM; 
range 435) resulted in a statistically significant increase in PBMC cell proliferation as 
compared to medium (163 CPM; range 25) (p=0.02). None of the other coagulation 
factors were able to induce an increase in PBMC proliferation, whereas LPS as a 
positive control was effective in stimulating PBMC proliferation. The thrombin-
induced PBMC proliferation was dose-dependently and was completely blocked by 
PAR-1 antagonist FR171113 [100µM] (41 CPM; range 16) in a statistically significant 
manner (p=0.02) (figure 8B). Adding PAR-1 antagonist FR171113 [100µM] solely to 
PBMCs did not affect cell proliferation. These results indicate besides thrombin-
induced cell proliferation in naïve PBMC is PAR-1 dependent. 

Figure 8. Thrombin-induced PBMC cell proliferation is PAR-1 dependent.
PBMCs (105) were cultured for 24h in the presence of FVIIa[25nM], TF[37pM]+FVIIa[25nM], 
TF[37pM]+FVIIa[25nM]+FX[100nM], FX[100nM], FXa[10nM], Thrombin[30-300nM], Thrombin[300nM] 
and PAR-1 antagonist[100μM], or LPS[1ng/ml]. PBMCs were co-cultured in triplicate with 20μl 
[3H]-thymidine for the final 18h. Cell proliferation was measured by [3H]-thymidine incorporation. 
Thrombin, but none of the other coagulation proteases induced PBMC cell proliferation (A). Thrombin-
induced PBMC cell proliferation is PAR-1-dependent (B). Data are shown as median with 5-95 percentile 
from five separate experiments. * denotes different from medium condition, # denotes different from 
Thrombin[300nM],  p<0.05, Wilcoxon signed ranks test. FVIIa, factor VIIa; TF, Tissue Factor; FX, Factor 
X; FXa, activated Factor X; aPAR1, PAR-1 antagonist FR171113; LPS, lipopolysaccharide. 

Discussion

In this study, using naïve CD14+ monocytes and naïve PBMCs, we demonstrate that 
monocytes express PAR-1, PAR-2, PAR-3, and PAR-4 at mRNA level, and PAR-1, 
PAR-3, and PAR-4 at protein level. The data presented herein also show that stimu-
lation of naïve CD14+ with coagulation proteases (FVIIa, the binary TF-FVIIa, the
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binary TF-FVIIa complex with free FX, free FX, free FXa, and thrombin) in physiolo-
gical concentrations did not result in alterations of PAR-1, PAR-3, PAR-4, and TF 
expression at the protein level. Also no pro-inflammatory cytokine release is 
induced. In addition our study demonstrates that stimulation of naïve PBMCs with 
coagulation proteases did not resulted in pro-inflammatory cytokine release, except 
for stimulation of naïve PBMCs with thrombin which resulted in a PAR-1-dependent 
release of IL-1ß and IL-6 and PBMC cell proliferation. 
Cross-talking between coagulation and inflammation mediated by PARs, is at 
present a topic of major interest. Stimulation of different (monocyte) cell lines or 
artificially pre-activated monocytes or PBMCs with coagulation proteases, such as 
FVIIa, the binary TF-FVIIa complex, FXa, and thrombin, resulted in PAR-dependent 
alterations in gene expression, induction of cell proliferation, and cytokine 
production3,12. 
To better understand the consequences of cross-talking between coagulation and 
inflammation in more physiological conditions we investigated if coagulation protea-
ses in physiological concentrations were able to elicit pro- or anti-inflammatory 
responses in a PAR-dependent manner in naïve human monocytes and PBMCs.
First, using purified naïve monocytes, we investigated PAR expression at both 
mRNA and protein level. Human naïve monocytes were found to express all PARs at 
mRNA level. Only a faint band of PAR-4 amplification product was observed. At 
protein level, monocytes expressed PAR-1, PAR-3, and PAR-4. Our findings regar-
ding PAR protein expression are in line with previous work, others also failed to 
demonstrate PAR-2 protein expression10,12. In contrast, Crilly and colleagues found 
PAR-2 expression on monocytes in their study24,25. However this PAR-2 expression 
was very limited in healthy humans with a median expression of 0.06%. We are the 
first to demonstrate PAR-4 expression at mRNA level in monocytes10,12. Li and 
colleagues found PAR-4 protein expression but failed to detect the presence of 
PAR-4 transcripts due to technical issues10. Irrespectively, also in our hands PAR-4 
expression is marginal. 
The presence of PAR-1, -3, and -4 at protein level in naïve monocytes suggest that 
cross-talking between coagulation and inflammation is possible, since PARs are 
sensitive to protease stimulation. Human PAR-1 can be activated by FXa and 
thrombin; whereas PAR-2 can be activated by FVIIa, the binary TF-FVIIa complex, 
FXa, and the ternary TF-FVIIa-FXa complex; and PAR-3 and PAR-4 can be activa-
ted by thrombin5-7,13. PAR activation is irreversible. Upon activation, PARs are uncou-
pled from signaling and then internalized and degraded26,27.  
Therefore, we first investigated if stimulation of naïve monocytes with the coagula-
tion proteases would alter PAR expression. The percentage monocytes expressing 
PARs and the MFI of PAR expression did not changed upon stimulation with the 
coagulation proteases suggesting that PARs were not activated and internalized28. 
We next investigated if stimulation of naïve monocytes with coagulation proteases 
resulted in cytokine production. It is known that coagulating whole blood results in 
the production of IL-6 and IL-829. In addition, administration of FVIIa was found to 
elicit IL-6 and IL-8 release in healthy human subjects30. In our study, none of the 
investigated coagulation proteases induced pro-inflammatory cytokine production by
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naïve CD14+ monocytes. For FVIIa and the binary TF-FVIIa complex this seems 
logic regarding the absence of PAR-2 expression on naïve monocytes. For FXa and 
thrombin, our findings corresponds to previous studies demonstrating that both FXa 
and thrombin did not promote monocyte IL-1β, IL-6, and TNF-α secretion31-33.
Thus, although freshly isolated  naïve monocytes express PAR-1, PAR-3, and PAR-4 
at protein level, our results demonstrate that stimulation with the investigated coagu-
lation proteases does not result in cross-talking with the inflammation cascade 
leading to pro-inflammatory cytokine production. 
In order to figure out which coagulation protease is responsible for the observed 
pro-inflammatory cytokine release in coagulating whole blood and upon FVIIa admi-
nistration in vivo, we next investigated if stimulation of PBMCs with coagulation 
proteases resulted in pro-inflammatory cytokine release and proliferation. From the 
investigated coagulation proteases only thrombin was found to induce 
pro-inflammatory effects. Thrombin induced IL-1β and IL-6 cytokine release and 
PBMC cell proliferation. This effect clearly appeared to be PAR-1 mediated. 
Since isolated CD14+ monocytes did not respond, it could be that the context of 
PBMC population is necessary to stimulate the monocytes. On the other hand it is 
also plausible that other cells within the PBMC population were stimulated by 
thrombin. Possible candidate cells are monocyte-derived macrophages or T lympho-
cytes. Simulation of monocyte-derived macrophages with thrombin resulted in the 
release of IL-1β cytokine in a PAR-1 dependent manner34-36. Human T cells were 
found to express PAR-1, PAR-2 and PAR-3, but not PAR-437. Stimulation of these T 
cells with thrombin resulted in a modest but significant increase in IL-6 production. 
B-cells are unlikely candidates as expression of only PAR-4 has been detected on 
B-cells in the human liver, but the role of this receptor in B cell function remains 
unknown38. The observed pro-inflammatory effects of thrombin on naïve PBMCs 
were modest with IL-1β and IL-6 levels below 50pg/ml. However correlations of the 
levels of any cytokine with disease severity do not establish causality, and even with 
low levels (pg per ml) impressive clinical responses have been reported39. Thus, the 
observed modest increase in cytokine levels in our study are considered of 
relevance to orchestrates several pathways involved in inflammation and tissue 
destruction. And in situations with increased activation of coagulation, for example 
sepsis, the generated thrombin could however potentially induce a larger 
pro-inflammatory effect.
In conclusion, in the present study we demonstrate that stimulation of naïve monocy-
tes and naïve PBMCs with coagulation proteases in the physiological range in gene-
ral did not resulted in alterations in PAR-expression and/or pro- or anti-inflammatory 
cytokine production. Only stimulation of PBMCs with thrombin resulted in a modest 
release of cytokines (IL-1β, IL-6) and the induction of cell proliferation in a PAR-1 
dependent manner. These observations indicate that naïve monocytes are not 
triggered by coagulation proteases and that only thrombin is able to elicit 
pro-inflammatory events and cell proliferation in a PAR-1-dependent manner in 
PBMCs. Whether blocking of thrombin in diseases with increased coagulation 
activation is of therapeutic use needs further study.
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Abstract

Objective:

Blood-induced joint damage is characterized by synovitis and cartilage damage. 
Recently, we demonstrated that a joint bleeding in hemophilic mice results in eleva-
ted synovial levels of uPA and plasmin, and in plasmin-mediated cartilage damage. 
We evaluate whether treatment with amiloride (an specific inhibitor of uPA) or 
antiplasmin attenuate synovitis and cartilage damage following the induction of a 
joint bleeding in hemophilic mice. 

Methods:

Following the induction of a joint bleeding, hemophilic mice were randomized 
between daily oral treatment with amiloride [1mg/kg] or control, or weekly intra-
articular treatment with amiloride [2.5mg/ml], antiplasmin [2.5mg/ml], or control. After 
five weeks of treatment, synovitis and cartilage damage were determined on 
hematoxylin-eosin (Valentino score) and Safranin O stained sections, respectively. 

Results:

No effects of oral and intra-articular treatment with amiloride were found. In contrast, 
intra-articular treatment with antiplasmin resulted in a significant (p<0.01) reduction 
in both synovitis: score 1 (11.1% vs. 0%), 2 (11.1% vs. 4.2%), 3 (61.1% vs. 16.7%), 
4 (5.6% vs. 29.2%), 5 (11.1% vs. 20.8%), 6 (7.7% vs. 8.3%), 7 (0% vs. 8.3%), and 8 
(0% vs. 12.5%); and in cartilage damage: score 2 (10% vs. 8.3%), 3 (50% vs. 
12.5%), 4 (30% vs. 33.3%), 5 (10% vs. 33.3%), and 6 (0% vs. 16.7%) when compa-
red to control.

Conclusion:

Intra-articular treatment with antiplasmin (but not amiloride) following a joint bleeding 
prevented synovitis and cartilage damage in hemophilic mice. These data offer 
promise for the use of antiplasmin as a new therapeutic intervention for patients who 
suffer from joint bleeds despite administration of clotting factor.
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Introduction

Hemophilia is a genetic disease with a life-long bleeding tendency as a result from 
deficiency of coagulation factor VIII or IX. Bleeding episodes most often occur in the 
musculoskeletal system. Also upon major trauma or major joint surgery, joint 
bleedings may occur. A limited number of repeated joint bleedings as in hemophilia 
result in blood-induced joint damage and ultimately in arthropathy1. Blood-induced 
joint damage is characterized by two main features: chronic synovitis and cartilage 
damage, mutually fortifying each other2. The exact pathophysiology of blood-
induced arthropathy remains unknown. Although in case of hemophilia the admini-
stration of clotting factor reduces the overall occurrence of joint bleedings, arthropa-
thy cannot be prevented completely3. Therefore, there is a need for interventions to 
prevent the onset of arthropathy following a joint bleed. 
Recently, we studied the role of the fibrinolytic system in aggravating the pathophysi-
ology of blood-induced joint damage in hemophilia4. Indeed, induction of a joint 
bleeding in hemophilic mice resulted in an increase in synovial cells expressing 
urokinase-type plasminogen activator (uPA) and in an increase in synovial levels of 
uPA and plasminogen activator inhibitor 1 (PAI-1). The overall result was an increase 
in synovial levels of plasmin, the effector protease of the fibrinolytic system. 
It is known from other joint diseases, such as osteoarthritis and reumatoid arthritis, 
that a stimulated fibrinolytic system is deleterious by increasing joint inflammation, 
and that strategies that block components of the fibrinolytic system can attenuate 
joint inflammation5. In line with the reported literature, it was demonstrated that 
human cartilage tissue explants cultured with plasmin results in a dose-dependent 
release of matrix proteoglycans, indicating that plasmin induced cartilage damage4. 
These data suggest that antifibrinolytic therapy may be useful in the prevention of 
blood-induced joint damage. In the present study, this hypothesis was tested in a 
hemarthrosis model in hemophilic mice by evaluating the alterations in synovitis and 
cartilage damage between mice treated with amiloride (a specific inhibitor of uPA), 
and antiplasmin as compared to placebo treatment.

Materials and methods

Materials
Purified (≥98% TLC) amiloride hydrochloride hydrate (A7410) was from Sigma-
Aldrich (St. Louis, USA). Purified (95% SDS-PAGE) recombinant mouse Serpin 
F2/ɑ2-antiplasmin was purchased from R&D Systems (Minneapolis, USA). Functio-
nal ELISA assay kits for the detection of active mouse uPA (MUPAKT) and active 
plasmin (MPLMKT) were purchased from Molecular Innovations (Novi, USA). All 
other reagents were from Sigma-Aldrich (St. Louis, USA). 

Mice and animal care
Three to four months old FVIII deficient mice (B6;129S4-F8tm1kaz/J) (n=180) were 
obtained from The Jackson Laboratory. The FVIII deficient mice have a FVIII 
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activity of <1% but in contrast to the human hemophiliacs do not bleed spontane-
ously. Sample size was determined using Cohen’s effect size with an effect size of 
0.8, alpha 0.05, beta 0.1, and an expected 10% loss of animals. This resulted in a 
group size of 36 for each individual treatment regimen. All animal experiments were 
reviewed and approved by the institutional animal ethical committee.

Hemarthrosis model and treatment regimens
At the start of the study, FVIII deficient were anesthetized with isofluran and O2. The 
hair over both knee joints was removed and the diameter of the joint was measured 
in the greatest lateral-medial dimension using a micrometer caliper. Subsequently, a 
joint bleeding was induced in the right knee using a 30 Gauge needle as previously 
described6. The left knee served as an unaffected control joint. 
Subsequently, mice were randomized between oral treatment with amiloride or 
plabebo (control), while other mice were randomized between intra-articular treat-
ment of the right (hemarthrotic) knee joint with amiloride, antiplasmin, or placebo 
(intra-articular control). For oral treatment, amiloride was suspended in a sodium 
chloride (NaCl) solution and was administered orally at a dose of 1mg/kg daily. This 
dose was found to be effective and safe for mice in other studies7,8. The control 
group was treated solely with the NaCl solution. The intra-articular treated mice were 
treated once a week with amiloride suspended in a PBS solution at a dose of 
2.5mg/ml, antiplasmin suspended in a PBS solution at a dose of 2.5mg/ml, or solely 
a PBS solution (intra-articular control group). Intra-articular administration was 
performed during anesthesia with the use of a 10µl microliter syringe with removable 
36G needle from Hamilton (Reno, USA). The total injected volume was 4µl. Suspen-
sions were kept at 4ºC and were made freshly each day. Both the oral as well as the 
intra-articular treatment groups were treated for five consecutive weeks (35 days). 
This treatment time period was chosen based on the time needed to develop synovi-
tis and cartilage damage in this joint bleeding model as observed by us and others4,6. 
Every week and at the end of the study five weeks later, the hair over both knee 
joints was removed and the diameter of the joint was measured in the greatest 
lateral-medial dimension using a micrometer caliper. 

Effectiveness of treatment and determination of uPA and plasmin levels
The effectiveness of treatment was evaluated in a subset of mice. Briefly, blood was 
collected from 32 mice from both the oral control and oral amiloride group via a 
cheek puncture of the submandibular vein after five weeks of treatment. Collected 
blood was centrifuged for 15 minutes at 3000g, plasma was harvested and stored at 
-80ºC until analysis. 
For the intra-articular treatment groups, in a subset of mice (n=14), a patella-synovial 
washout of the right knee was performed postmortem after five weeks of treatment. 
For this, patellae and surrounding synovium were isolated and pre-washed in tris 
buffered saline (TBS) to remove blood adherence. Subsequently, patellae and 
surrounding synovium were incubated intact in a 96-wells plate in a 150μl solution 
consisting of one part trisodiumcitrate-dihydrate and nine parts of 3% Bovine Serum 
Albumin – TBS for 1 hour at room temperature as described previously9. 
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Supernatants were collected, centrifuged for 15 minutes at 3000g and stored at 
-80ºC until analysis.
Levels of uPA and plasmin were measured in blood plasma and supernatants of 
synovial washouts of the mice by ELISA according to manufacturer’s instructions. 

Isolation of the joints and histological examination
Post-mortem, knee joints were isolated, fixed in 4% paraformaldehyde, decalcified, 
embedded in paraffin, cut in 4μm thick tissue sections, and mounted on glass slides. 
Sections of tissue were stained with hematoxylin-eosin and scored according to 
Valentino (table I) for synovitis10. For evaluation of cartilage damage, sections of 
tissue were also stained with Safranin O11. The intensity of Safranin O staining, 
which is directly proportional to the proteoglycan content and which is a measure of 
cartilage tissue integrity, was scored (table II). All sections were analyzed with an 
Olympus BX60 Microscope using x40 objective, scored by two blinded observers 
(LN and KC), and the results of the two observers were averaged. Digital images 
were obtained with a Nikon E990 camera. 

Table I. Valentino score for histological detection of hemophilic synovitis

according to Valentino et al10

Table II. The Safranin O scoring system for histological detection of cartilage damage

Characteristics Score Description 

Synovial hyperplasia 0 Normal, less than four cell layers 
 1 Four to five cell layers 
 2 Six to seven cell layers 
 3 More than seven cell layers 
Vascularity (400x) 0 None 
 1 Less than one-third of the field 
 2 One-third to two-third of the field 
 3 More than two-third of the field 

Discoloration by hemosiderin 0 Absent 
 1 Present 

Blood (erythrocytes) present 0 Absent 
 1 Present 

Villous formation 0 Absent 
 1 Present 

Cartilage erosion 0 Absent 
 1 Present 
 

Grade Damage 
0 Normal 

0.5 Loss of some superficial Safranin O 
1 Superficial fibrillation without loss of cartilage 
2 Loss of some Safranin O down to the layer immediately below the superficial layer 
3 Loss of Safranin O of <25% of the articular surface  
4 Loss of Safrain O of 25-50% of the articular surface 
5 Loss of Safranin O of 50-75% of the articular surface 
6 Loss of Safranin O of >75% of the articular surface 
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Statistical analysis
Data storage and management was with Excel (Microsoft, Redmond, USA). Graphic 
presentation was with GraphPad Prism version 5.00 (GraphPad Software, San 
Diego, USA), and statistical analysis was performed using SPSS version 20 (IBM, 
SPSS, Armonk, USA). Data distribution of continuous values of plasma uPA and 
synovial washout levels of uPA and antiplasmin, and joint diameter were assessed 
by use of histograms and the Kolmogorov-Smirnov test. Plasma uPA and synovial 
washout levels of uPA and antiplasmin were not normally distributed and did not met 
the homogeneity of variances assumption (Levene statistic). Accordingly, data were 
presented as median with range and analyzed by a Mann-Whitney test. Joint diame-
ter data were normally distributed and met the homogeneity of variances assumption 
(Levene statistic). Accordingly, data were presented as mean with standard error of 
mean and were analyzed by one-way repeated-measures ANOVA with Bonferroni 
correction. Categorical data of Valentino score, and loss of Safranin O, were 
analyzed by loglinear analysis and Pearson Chi-Square. Statistical significance was 
denoted at p<0.05. 

Results

Amiloride and antiplasmin reduce plasma and synovial washouts uPA and 
plasmin levels
Treatment with oral amiloride resulted in a statistically significant (p=0.02) decrease 
in plasma uPA levels for the amiloride group (0.021ng/ml; range 0.08) as compared 
to the oral control group (0.034ng/ml; range 0.11) (figure 1A). Intra-articular treat-
ment with amiloride resulted in a statistically significant (p<0.01) decrease in intra-
articular uPA levels for the amiloride group (0.011ng/ml; range 0.01) as compared to 
the intra-articular control group (0.018ng/ml; range 0.02) (figure 1B). Also, a statisti-
cally significant (p<0.01) reduction in intra-articular plasmin levels was noted for the 
antiplasmin group (0.26µg/ml; range 0.55) as compared to the intra-articular control 
group (0.52µg/ml; range 0.85) (figure 1C).

Treatment with amiloride or antiplasmin does not affect joint diameter
The joint diameter was measured at the start of the study and every week following 
the induction of a joint bleeding in the right knee joint. As expected, no alterations in 
the joint diameter for the left unaffected knee joints was observed in all the treatment 
groups (figure 2a and 2b). As compared to the start of the study, an abrupt and statis-
tically significant (p<0.01) increase in the right joint diameter was noted up to two 
weeks after the induction of a joint bleeding for the oral control group (3.87mm ±0.26 
vs. 2.97mm ±0.03), the oral amiloride group (3.51mm ±0.73 vs. 2.74mm ±0.08), the 
intra-articular control group (3.60mm ±0.20 vs. 2.73mm ±0.02), and the intra-
articular antiplasmin group (3.60mm ±0.66 vs. 2.77mm ±0.09). In contrast, in the 
intra-articular amiloride treatment group, induction of a joint bleeding in the right 
knee resulted in only a modest increase in the joint diameter (3.24mm ±0.21) at 
week 1, that was not statistically significant (p=0.09) different from the joint diameter 
at the start of the study (2.71mm ±0.02). A gradual decrease in joint diameter of the
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Figure 1. Treatment with amiloride and antiplasmin reduces plasma uPA and synovial washout 
uPA and plasmin levels in hemophilic mice. 
Supernatants of plasma and washouts of the right knee were evaluated for the presence of uPA using a 
mouse uPA activity assay (MUPAKT). Decreased plasma levels of uPA were present in the oral amiloride 
treated group as compared with the oral control treated group (A). The detected levels of uPA in synovial 
wash-outs of the right knees were lower in the intra-articular amiloride group as compared with the 
intra-articular control group (B). Supernatants of synovial washouts of the right knee were evaluated for 
the presence of plasmin using a mouse plasmin activity assay (MPLMKT). Intra-articular treatment with 
antiplasmin resulted in a decrease in synovial washout level of plasmin as compared to the intra-articular 
control group (C). Data are shown as median with individual data points of each animal. *p<0.05, Mann-
Whitney test was used for comparison between treatment groups. 

Figure 2. Intra-articular treatment with amiloride attenuates the increase in joint diameter
At the start and every week following the induction of a joint bleeding in the right knee joint, the joint 
diameter of the left and right knee joint was measured. Following the induction of a joint bleeding in the 
right knee joint, the joint diameter of the right knee joint increased in the oral control group. Treatment with 
oral amiloride failed to attenuate this increase in joint diameter. Over time the increase in joint diameter 
was transient in both groups (A). Following the induction of a joint bleeding in the right knee joint, the joint 
diameter of the right knee joint increased in the intra-articular control group. Treatment with intra-articular 
antiplasmin did not attenuate the increase in joint diameter of the right knee joint. In contrast, treatment 
with intra-articular amiloride attenuates the increase in joint diameter (B). Data are shown as mean with 
SEM. *, # p<0.05, with the use of the one-way repeated-measures ANOVA with Bonferroni correction test, 
for comparison of the joint diameter in time with the baseline condition in a treatment group after the 
induction of a joint bleeding in the right knee. 
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right knee was observed in all treatment groups and the joint diameters returned to 
the baseline conditions at week 3. 

Treatment with antiplasmin attenuates hemophilic synovitis following the 
induction of a joint bleeding
Postmortem Valentino scoring for histological detection of hemophilic synovitis was 
performed. No differences were found in the Valentino score for the left knees 
between the three treatment groups and their corresponding control group (figure 3). 
Following the induction of a joint bleeding in the right knee, the Valentino score was 
statistically significant higher in the right knee as compared to the left knee for the 
oral control group (p<0.01), the intra-articular control group (p<0.01), the oral 
amiloride group (p=0.04), and the intra-articular amiloride group (p<0.01). Treatment 
with intra-articular antiplasmin resulted in a reduction in Valentino score for the right 
knee. Valentino scores for the right knees of the intra-articular antiplasmin group vs. 
the intra-articular control group were 1 (11.1% vs. 0%), 2 (11.1% vs. 4.2%), 3 (61.1% 
vs. 16.7%), 4 (5.6% vs. 29.2%), 5 (11.1% vs. 20.8%), 6 (0% vs. 8.3%), and 7 (0% vs. 
8.3%). The Valentino score of the treated right knees of the intra-articular antiplas-
min group was not longer statistically significant different from the contralateral 
control joints (p=0.10). 
The change in Valentino score between the right and the contralateral control left 
knee of each animal averaged for each group demonstrated a slight decrease in the 
oral amiloride group (0.92 ±0.26) compared to the oral control group (1.79 ±0.40) 
although not statistically significant (p=0.09) (figure 4). When comparing the change 
in Valentino score between the right and contralateral control knee of each animal for 
the intra-articular treatment groups, a small but not statistically significant difference 
between the intra-articular control group (2.92 ±0.35) and the intra-articular 
amiloride group (1.94 ±0.42) was found. However, the change in Valentino score 
between the intra-articular control group (2.92 ±0.35) and the intra-articular antiplas-
min group (0.80 ±0.25) was statistically significant different (p<0.01) 

Treatment with antiplasmin diminishes cartilage damage following the induc-
tion of a joint bleeding
After five weeks of treatment the loss of Safranin O, a measure of proteoglycan loss 
and with that cartilage damage, was scored. No differences were found in the extent 
of cartilage damage in the left unaffected knee in the control group and all the treat-
ment groups (figure 5). Following the induction of a joint bleeding in the right knee a 
statistically significant increase in the degree of cartilage damage was observed in 
comparison with the left unaffected knee for the oral control group (p<0.01), the 
intra-articular control group (p<0.01), the oral amiloride group (p<0.01), and the 
intra-articular amiloride group (p=0.04). Treatment with intra-articular antiplasmin 
resulted in a reduction in loss of Safranin O for the right knee (representative micro-
graphs shown in figure 6). Safranin O scores for the right knee of the intra-articular 
antiplasmin group vs. the intra-articular control group were 2 (10% vs. 8.3%), 3 (50% 
vs. 12.5%), 4 (30% vs. 33.3%), 5 (10% vs. 33.3%), and 6 (0% vs. 12.5%). The 
Safranin O score of the treated right knees of the intra-articular antiplasmin group
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Figure 3. Treatment with intra-articular antiplasmin attenuates the increase in Valentino score in 
the right knee
Valentino score of the left and right knees in hemophilic mice treated with oral placebo, intra-articular 
placebo, oral amiloride, intra-articular amiloride, or intra-articular antiplasmin were determined by two 
blinded observers. Induction of a joint bleeding in the right knee and treatment with oral or intra-articular 
placebo, oral amiloride, or intra-articular amiloride, resulted in a statistically significant increase in the 
Valentino score for the right knee as compared to the left knee. Treatment with intra-articular antiplasmin 
attenuated the increase in Valentino score in the right knee following the induction of a joint bleeding. Data 
are shown as individual data points of each animal per treatment group. # p<0.05, loglinear analysis and 
Pearson Chi-Square were used for comparison between the left unaffected and right knee joint.

Figure 4. Treatment with intra-articular antiplasmin results in a reduction in change in Valentino 
score
Valentino score of the left and right knee in hemophilic mice treated with oral placebo, intra-articular 
placebo, oral amiloride, intra-articular amiloride, or intra-articular antiplasmin were determined by two 
blinded observers. The change in Valentino score for the right vs. the left knee of each animal averaged 
for the group was calculated and compared with their related control group. Treatment with intra-articular 
antiplasmin resulted in a reduction in change in Valentino score. Data are shown as mean ± SEM per 
treatment group. # p<0.05, loglinear analysis and Pearson Chi-Square were used for comparison 
between the left unaffected and right knee joint. * p<0.05, independent t-test was used for comparison of 
the change in Valentino score between the oral control and the oral amiloride group. One-way indepen-
dent ANOVA with Bonferroni correction test was used for comparison of the change in Valentino score 
between the intra-articular control, amiloride, and antiplasmin group.
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was not longer statistically significant different from the contralateral control joint 
(p=0.29). 
When comparing the change in Safranin O score between the right and contralateral 
control knee for each animal, no statistically significant difference (p=0.74) between 
the oral control group (1.96 ±0.19) and the oral amiloride group (1.85 ±0.28) was 
noted (figure 7). In addition, no statistically significant difference was found between 
the intra-articular control group (1.54 ±0.21) and the intra-articular amiloride group 
(1.67 ±0.28). However, the change in Safranin O score between the intra-articular 
control group (1.54 ±0.21) and the intra-articular antiplasmin group (0.90 ±0.28) was 
statistically significant different (p=0.04).

Figure 5. Treatment with intra-articular antiplasmin reduces cartilage damage
Safranin O score, which is directly proportional to the proteoglycan content in the cartilage, were 
determined by two blinded observers in the left and right knee in hemophilic mice treated with oral or 
intra-articular placebo, oral amiloride, intra-articular amiloride, or intra-articular antiplasmin. Induction of a 
joint bleeding in the right knee and treatment with oral or intra-articular placebo, oral amiloride, or 
intra-articular amiloride, resulted in a statistically significant increase in the Safranin O score for the right 
knee as compared to the left knee. Treatment with intra-articular antiplasmin reduces the increase in 
Safranin O score in the right knee following the induction of a joint bleeding. Data are shown as individual 
data points of each animal per treatment group. # p<0.05, loglinear analysis and Pearson Chi-Square 
were used for comparison between the left unaffected and right knee joint.

Figure 6. Intra-articular antiplasmin prevents cartilage damage following a joint bleeding in 
hemophilic mice.
Representative photomicrographs of the intensity of Safranin O staining (red colour), which is directly 
proportional to the proteoglycan content in the cartilage, and is a measure of cartilage damage, of the right 
(hemarthrosis induced) knee joints of mice treated with intra-articular control (A), and mice treated with 
intra-articular antiplasmin (B). The intensity of Safranin O staining in the intra-articular antiplasmin group 
is more intense, indicating that intra-articular antiplasmin prevents cartilage damage.
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Figure 7. Treatment with intra-articular antiplasmin results in a reduction in change in Safranin O 
score
Safranin O score of the left and right knee in hemophilic mice treated with oral placebo, intra-articular 
placebo, oral amiloride, intra-articular amiloride, or intra-articular antiplasmin were determined by two 
blinded observers. The change in Safranin O score for the right vs. the left knee of each animal averaged 
for the group was calculated and compared with their related control group. Treatment with intra-articular 
antiplasmin resulted in a reduction in change in Safranin O score. Data are shown as mean ± SEM per 
treatment group. # p<0.05, loglinear analysis and Pearson Chi-Square were used for comparison between 
the left unaffected and right knee joint. * p<0.05, independent t-test was used for comparison of the 
change in Safranin O score between the oral control and the oral amiloride group. One-way independent 
ANOVA with Bonferroni correction test was used for comparison of the change in Safranin O score 
between the intra-articular control, amiloride, and antiplasmin group.

Discussion

In this study, using an in vivo murine model of blood-induced joint damage in hemop-
hilic mice, we provide evidence that intra-articular treatment with antiplasmin 
following the induction of a joint bleeding, resulted in a reduction in synovitis and 
cartilage damage. The data presented herein also demonstrate that oral and intra-
articular treatment with amiloride failed to reduce the onset of synovitis and cartilage 
damage following the induction of a joint bleeding.
Urokinase-type plasminogen activator is the major activator of fibrinolysis in the 
extravascular compartment12. Besides the generation of plasmin, several harmful 
effects of uPA, which synovial levels are increased in HA as well as in other joint 
diseases such as rheumatoid arthritis and osteoarthritis, are known13. Interaction of 
uPA with its own receptor urokinase receptor (uPAR), which is expressed by all 
resident articular cells, results in stimulation of chemotaxis, chemoinvasion, and 
neoangiogenesis, bone and cartilage destruction, and proliferation of human syno-
vial cells and chondrocytes14,15.
Amiloride is a specific inhibitor of uPA16. In our study treatment with both oral and 
intra-articular amiloride failed to alter joint diameter, blood-induced synovitis, and 
cartilage damage. Several explanations can be given for this observation. First of all, 
although both oral and intra-articular amiloride were found to be effective in reducing 
systemic and synovial uPA levels respectively, the used dosage may still have been 
too low to achieve benefit on the treatment of synovitis and cartilage damage. In both
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treatment approaches differences between control and amiloride treated groups was 
not absolute and effects tended towards a reduction of synovitis and cartilage 
damage. For joint diameter even reaching statistical significance. Secondly, 
although synovial uPA levels were found to be elevated in hemophilic mice following 
the induction of a joint bleeding, the actions of synovial uPA may only be relevant for 
the induction of synovitis and cartilage damage when it is localized near the cell 
surface where its own receptor uPAR is localized17. As it is known that PAI-1, the 
natural inhibitor of uPA, which synovial levels were also found to be elevated, will 
rapidly neutralize active enzymes not localized near cell surfaces. Finally, although 
substantial evidence for the deleterious role of uPA in vitro is present in the literature, 
the role of uPA in vivo in animal and human studies is not unequivocal. Several 
studies demonstrated a relation between uPA, joint inflammation, synovitis, and 
cartilage damage18-20. In contrast, in other studies, the absence of uPA was found to 
exacerbate arthritis21. Since no data are available for the setting of blood-induced 
arthropathy and considering the conflicting results in other joint diseases, it  remains 
unclear of uPA is a potential therapeutic target for blood-induced synovitis and 
cartilage damage. 
We and others have demonstrated that plasmin contributes to synovitis and cartilage 
damage22,23. Plasmin is able to stimulate the release of  pro-inflammatory cytokines, 
which subsequently induces synovitis. Also it is known that culture of human articular 
explants with plasmin results in a dose-dependent increase in proteoglycan 
release22. Once formed, plasmin can degrade cartilage either directly via an 
unknown mechanism, or indirectly, through the activation of pro-matrix metallopro-
teinases (pro-MMPs). Plasmin is able to convert most of the pro-MMPs to active 
metalloproteinases, which are endopeptidases involved in the degradation of extra-
cellular matrix components, such as collagen and proteoglycans, resulting in 
cartilage damage24-26. 
So, in the present study, antiplasmin probably inhibit plasmin in the stimulation of 
pro-inflammatory cytokine release and subsequent induction of synovitis. In 
addition, antiplasmin most likely prevents cartilage damage (loss of proteoglycans 
as visualized by Safranin O staining) by the inhibition of plasmin-mediated pro-MMP 
activation, and by neutralizing the direct destructive effects of plasmin on cartilage. 
The concept of antifibrinolytic therapy in hemophilia is not new and has been advo-
cated for years. The most commonly used antifibrinolytics in hemophilia are 
ε-aminocaproic acid and tranexamic acid, both lysine analogues that inhibit plasmin 
formation. Indeed, clinical observations and several studies suggested that the use 
of antifibrinolytics for local mouth bleeds, which are known for local increased fibrino-
lytic activity, and systemic mono-therapy with antifibrinolytics resulted in a promising 
hemostatic 
effect in hemophilia patients27,28. Besides these promising hemostatic effects, our 
study suggest more beneficial effects of intra-articular antiplasmin regarding the 
prevention of synovitis and cartilage damage. 
Caution is needed when extrapolating data from mouse experiments to human 
disease. Murine models like the one used here make use of a homogenous group of 
experimental animals, while patients form a heterogeneous group in which multiple
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factors modify disease outcome. In addition and to the best of our knowledge, no 
data is yet available on possible side effects of antiplasmin in humans. 
In conclusion, here we demonstrate that intra-articular treatment with antiplasmin 
resulted in a reduction in synovitis and cartilage damage following the induction of a 
joint bleeding in hemophilic mice, suggesting that intra-articular treatment with 
antiplasmin may be a new therapeutic modality for patients who suffer from joint 
bleedings, in case of hemophilia, despite on demand or prophylactic administration 
of clotting factor concentrates. These data support the need for further investigation 
of the potential role for intra-articular antiplasmin in the treatment of blood-induced 
arthropathy.
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Abstract

Objective:

Joint bleeding upon trauma, major joint surgery, or in case of hemophilia results in 
blood-induced arthropathy. This study investigates whether a joint bleed alters prote-
ase activated receptor (PAR) expression, and whether treatment with small interfe-
ring RNA (siRNA) targeted against PAR1-4 attenuates synovitis and cartilage 
damage.

Methods:

PAR expression (immunohistochemistry) was evaluated upon a joint bleed in 
hemophilic mice and in humans. Additionally, mice with an induced joint bleed were 
randomized between intra-articular treatment with PAR1-4 siRNA or control and 
evaluated for the presence of synovitis and cartilage damage. Also, human cartilage 
tissue explants were transfected with PAR1-4 siRNA or control, and evaluated for 
plasmin-induced cartilage damage.

Results:

We observed an increase in synovial PAR1, -2, and -4 expression, and an increase 
in chondrocyte PAR2 and -3 expression in mice upon a joint bleed (all p<0.05). Also 
an increase in synovial PAR1 and chondrocyte PAR4 expression in patients upon 
repeated joint bleeds was observed (both p<0.05). Intra-articular treatment of a joint 
bleed in mice with PAR1-4 siRNA resulted in a reduction in synovitis and cartilage 
damage (both p<0.01). Treatment of human cartilage tissue explants with PAR1-4 
siRNA reduced plasmin-induced cartilage damage (p<0.01).

Conclusion:

This study demonstrates that synovial and chondrocyte PAR expression is altered 
upon a joint bleed, and that treatment with PAR1-4 siRNA results in a reduction in 
synovitis and plasmin-induced cartilage damage. These data suggest PAR1-4 to be 
new therapeutic targets to prevent or limit joint damage upon joint bleeding.
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Introduction

Blood-induced joint damage evolves as a consequence of joint bleeds, which can 
occur incidentally (trauma, major joint surgery) or recurrently because of a coagula-
tion disorder (hemophilia)1.  Blood-induced arthropathy is characterized by two main 
features: chronic synovitis and cartilage damage2. 
Recently, we demonstrated that a joint bleed results in an increase in synovial levels 
of urokinase-type plasminogen activator (uPA) and plasmin, and in plasmin-induced 
cartilage damage3. Pathways that are also found in osteoarthritis (OA) and rheuma-
toid arthritis (RA), in which a stimulated fibrinolytic system contributes to synovitis 
and cartilage damage4-7.
In addition to their function in normal fibrinolysis, plasmin is able to alter cell signaling 
via interaction with the four known proteinase activated receptors (PARs)8-12. Several 
cell-types, including synovial fibroblasts, chondrocytes, monocytes, and macropha-
ges express PARs13,14. In joint diseases such as OA and RA it has been demonstra-
ted that PAR expression correlates with synovitis, and that via interaction with PARs, 
proteases have the potential to modulate synovitis and cartilage degradation15,16.
In the present study, it was investigated whether a joint bleed alters PAR expression, 
whether treatment with small interfering RNA (siRNA) targeted against PAR1-4 
would attenuate synovitis and cartilage damage upon a joint bleed in mice, and 
whether treatment of human cartilage tissue explants with PAR1-4 siRNA reduced 
plasmin-induced cartilage damage.

Design and Methods

Materials
In vivo pre-designed siRNA for murine experiments for PAR1 (s65791), PAR2 
(s65795), PAR3 (s65798), and PAR4  (s65801) were purchased from Ambion 
(Carlsbad, USA). For human in vitro siRNA experiments, Thrombin R siRNA (PAR1; 
sc-36663), PAR2 siRNA (sc-36188), PAR3 siRNA (sc-37143), PAR4 siRNA 
(sc-72068), control siRNA (sc-37007), all other siRNA reagents, PAR1 (S-19), PAR2 
(C-17), and PAR4 (M-20) polyclonal goat anti-mouse, and PAR3 (H-103) polyclonal 
rabbit anti-mouse, PAR1 (C-11) monoclonal mouse anti-human, PAR2 (C-17) and 
PAR4 (N-20) polyclonal goat anti-human, PAR3 (H-103) polyclonal rabbit 
anti-human were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, USA). 
Human plasmin (≥2.0 units/mg) and all other reagents were from Sigma-Aldrich (St. 
Louis, USA).

Patients, mice, and animal care
Synovial tissue and cartilage samples were obtained during total knee replacement 
surgery as a result of blood-induced (hemophilic) arthropathy (n=6). Healthy human 
synovial tissue and cartilage samples (n=6) were obtained postmortem from donors. 
All tissues were obtained according to institutional ethical regulations. 
Four months old FVIII deficient mice (B6;129S4-F8tm1kaz/J) (n=24) were 
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obtained from The Jackson Laboratory. These mice do not bleed spontaneously. All 
animal experiments were reviewed and approved by the institutional animal ethical 
committee.

Joint bleed model and in vivo gene silencing
Mice were anesthetized and a joint bleed was induced in the right knee using a 30 
Gauge needle as previously described17. The left knee served as an unaffected 
untreated internal control. 
The mice were randomized between intra-articular treatment with a PAR1-4 siRNA 
solution (n=12), or control (n=12). PAR1-4 siRNA inhibits PAR1-4 expression by 
silencing of messenger RNA with a complementary sequence. In vivo gene silencing 
of PAR1-4 was accomplished by injecting of a 4µl solution consisting of RNase-free 
sterile water with 2.5µg siRNA of PAR1, -2, -3, and -4 with the use of a 10µl microliter 
syringe with removable 36G needle from Hamilton (Reno, USA). The control group 
was treated solely with RNase-free sterile water. Injection was directly followed by 
electroporation at a setting of 200V/cm using a ECM 830 electroporator (BTX, San 
Diego, USA) for optimal local RNA interference18. Both groups were treated twice a 
week for 5 weeks, for optimal RNA interference and the time needed to develop 
synovitis and cartilage damage, whereupon the mice were sacrificed17.

Isolation of murine joints and histological examination
Post-mortem, knee joints were isolated and cut in 4μm thick paraffin tissue sections. 
Tissue sections were stained with hematoxylin-eosin and scored for the presence of 
synovitis according to Valentino (score 0-10)19. For evaluation of cartilage damage, 
sections were stained with Safranin O and cartilage damage was scored according 
to the loss of intensity of Safranin O staining, which is directly proportional to the 
proteoglycan content in the cartilage, and a measure of cartilage destruction (from 
normal to clear loss of Safranin O staining of >75%; score 0-6)20. 

PAR1-4 immunohistochemistry
Human and murine 4μm thick sections were deparaffinized in xylene and rehydra-
ted. For antigen retrieval, sections were incubated in citrate buffered target retrieval 
solution. Subsequently, sections were washed in PBS, endogenous alkaline phosp-
hatase was blocked with Dako’s blocking reagent for 10 minutes, and non-specific 
binding was blocked for 10 minutes with 10% goat serum or 10% rabbit serum. 
Sections were then incubated in a wet chamber at 4ºC and overnight with primary 
antibodies. Dilutions for murine samples were 1:100 for PAR1, and 1:50 for PAR2, 
-3, and -4. Dilutions for human samples were 1:25 for PAR1, 1:50 for PAR2, and 
1:100 for PAR3 and PAR4. The sections were then washed in PBS and incubated for 
30minutes with alkaline phosphatase conjugated secondary antibody for PAR3, with 
biotinylated rabbit anti-goat secondary antibody for PAR2 and PAR4 and murine 
PAR1, and with alkaline phosphatase conjugated goat anti-rabbit-rat-mouse secon-
dary antibody for human PAR1. For alkaline phosphatase sections were incubated 
in avidin-biotin-alkaline phosphatase substrate for another 30 minutes. All sections 
were briefly washed in a TRIS-HCl pH 8.4 solution. Reactivity was then visualized
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with new fuchsine for 13 minutes. Sections were counterstained with hematoxylin 
solution (Mayer) and analyzed with an Olympus BX60 Microscope (x40 objective), 
scored by two blinded observers (results were averaged). Digital images were 
obtained with a Nikon E990 camera.

Ex vivo gene silencing of human cartilage and cartilage assessments
For ex vivo gene silencing experiments, healthy human cartilage slices were cut into 
square pieces (range 5-15mg) and cultured individually in 96-well round-bottomed 
microtitre plates. Culture medium consisted of DMEM, supplemented with glutamine 
(2mmol/l), penicillin (100IU/ml), streptomycin (100μg/ml), ascorbic acid (85μmol/l), 
and 10% heat-inactivated pooled human male AB+ serum. The cartilage explants 
were cultured in 200μl for 48 hours in a tissue incubator ( 5% CO2 in air; pH 7.4; 
37ºC; 95% humidity). 
Subsequently, cartilage explants were three times washed and transferred to 
another microtitre plate with a 200μl transfection solution consisting of PAR1-4 
siRNA [600nM] or control siRNA [600nM], transfection reagent, and transfection 
medium, according to manufacturer instructions. For optimal ex vivo gene silencing 
of PAR1-4, electroporation ( 200V/cm) using a ECM 830 electroporator and a tissue 
chamber with electrodes (both BTX, San Diego, USA), was performed. Cartilage 
explants were cultured in the transfection solution for another 24h hours, followed by 
48 hours in full medium. Finally,  plasmin (10-100nM) was added for 24 hours. Prote-
oglycan release was determined by the loss of glycosaminoglycans (GAGs) in the 
culture medium during these final 24h of culture. GAGs were stained and precipita-
ted with Alcian Blue as described earlier21. Staining was determined by the change 
in absorbance at 620nm. The proteoglycan release was calculated as mg GAG 
released per gram wet weight of the cartilage (mg/g). The results for 10 cartilage 
samples per parameter per donor were averaged.
For immunohistochemistry, 4μm thick sections were cut from cartilage explants 
treated with and without siRNA at the end of the study, and cartilage PAR1-4 expres-
sion was determined as described above.

PAR expression at the RNA level
For reverse transcription-polymerase chain reaction (RT-PCR) RNA was isolated 
from separate cartilage explants. Briefly, cartilage cubes were crushed with a disper-
sion unit at 23000 rpm in 1ml QIAzol lysis reagent (Qiagen, Germantown, USA). 
Subsequently, RNA was isolated with RNeasy Lipid Tissue Mini Kit (Qiagen, 
Germantown, USA) according to the manufacturer’s instructions. RT-PCR was 
carried out using GeneAmp RNA PCR Core kit (Applied Biosystems, Carlsbad, 
USA) according to the manufacturer’s instructions. DNase-treated RNA samples 
were reverse transcribed to complement DNA (cDNA) using recombinant Moloney 
murine leukemia virus reverse transcriptase. An aliquot of the reaction mixture was 
then used for PCR amplification using universal PCR master mix and the following 
primer sequences: PAR-1 (sense) 5’-TACGCCTCTATCTTGCTCATGAC-3’ and 
PAR-1 (antisense) 5’-TTTGTGGGTCCGAAGCAAAT-3’; PAR-2 (sense) 
5’-TGGATGAGTTTTCTGCATCTGTCC-3’ and PAR-2 (antisense)

8

Silencing of protease activated receptors prevents synovitis and cartilage damage 

133



5’-CGTGATGTTCAGGGCAGGAATG-3’; PAR-3 (sense) 5’-TCCCCTTTTCTGCCTT
GGAAG-3’ and PAR-3 (antisense) 5’-AAACTGTTGCCCACACCAGTCCAC-3’; 
PAR-4 (sense) 5’-AACCTCTATGGTGCCTACGTGC and PAR-4 (antisense) 
5’-CCAAGCCCAGCTAATTTTTG-3’; yielding a PCR product with an expected size 
of 453, 491, 513, and 541 base pair (bp) for PAR-1 to -4, respectively. PAR-1 to 3 
were amplified with 35 cycles (94ºC for 30 seconds, 55ºC for 30 seconds, 72ºC for 
60 seconds). PAR-4 was amplified with 35 cycles (94ºC for 30 seconds, 55ºC for 30 
seconds, 72ºC for 30 seconds). Beta-actin (β-actin) was used as positive control 
(sense) 5’-CCAAGGCCAACCGCGAGAAGATG-3’ and β-actin (antisense) 
5’-AGGGTACATGGTGGTGCCGCCAG-3’; yielding a expected PCR product of 587 
bp. Beta-actin was amplified with 35 cycles (94ºC for 60 seconds, 60ºC for 90 
seconds, 72ºC for 60 seconds). Negative control was performed for each reaction 
and included the omission of the reverse transcriptase or the omission of cDNA in 
the PCR mix. PCR products were resolved on a 1.5% agarose gel for visualization.

Statistical analysis
Data management was with Excel (Microsoft, Redmond, USA). Graphic presenta-
tion was with GraphPad Prism (GraphPad Software, San Diego, USA), and statisti-
cal analysis was performed using SPSS version 20 (IBM, SPSS, Armonk, USA). 
Data distribution of continuous values was assessed by use of histograms and the 
Kolmogorov-Smirnov test. Murine and human synovial and chondrocyte PAR 
expression data were normally distributed and did met homogeneity of variances 
(Levene statistic). Accordingly, unpaired and paired data were analyzed by indepen-
dent and dependent t-test, where appropriate. Proteoglycan release was not 
normally distributed and data were analyzed by a Kruskal-Wallis test, and Mann-
Whitney test. Categorical data of Valentino score, and loss of Safranin O, were 
analyzed by loglinear analysis and Pearson Chi-Square. Statistical significance was 
denoted at p<0.05. 

Results

Murine synovial and chondrocyte PAR1-4 expression
Both the synovial lining cells and the chondrocytes expressed all four PARs. Compa-
ring the PAR1-4 synovial lining expression between the left control joint and the right 
blood exposed joint, a statistically significant increase in PAR1 (p=0.04), PAR2 
(p<0.01), and PAR4 (p<0.01) expression in the right knee was noted (figure 1A). 
When comparing the PAR1-4 chondrocyte expression, a statistically significant 
increase in PAR2 (p=0.03), and PAR4 (p=0.03) expression in the right blood expo-
sed joint was observed as compared to the left control joint (figure 1B). 

Human synovial and chondrocyte PAR1-4 expression
Both the synovial lining cells and the chondrocytes expressed all four PARs (figure 
2A). A statistically significant (p<0.01) increase in PAR1 expression was observed in 
the synovial lining of patients with arthropathy upon repeated joint bleeds as compa-
red to healthy controls (figure 2B). No difference in PAR2, PAR3, and PAR4 
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Figure 1. Expression of PAR1-4 in the synovial lining tissue and cartilage tissue of hemophilic 
mice following the induction of a joint bleed.
(A) Representative micrographs of synovial tissue (top row) and cartilage tissue (bottom row) for the 
expression of the four PARs. Examples of positive cells indicated by an arrow. (B,C) Average expression 
of the four PARS in synovial lining (left) and chondrocytes (right) shown as means ± SEM in left control 
(open bars) and right blood induced (grey bars) knees. * p<0.05 (n=6; paired t-test). Increased expression 
of PAR1, PAR2, and PAR4 in the synovial lining, and increased PAR2 and PAR4 expression in chondrocy-
tes upon induction of a joint bleeding is observed.

expression was found. When comparing the PAR1-4 chondrocyte expression, a 
statistically significant (p<0.01)  increase in PAR4 expression in the repeatedly blood 
exposed joints was found compared to healthy controls (figure 2C). No difference in 
PAR1, PAR2, and PAR3 expression was noted.

PAR expression upon silencing of genes in vivo in the mice upon blood 
exposure 
Silencing of geneexpression in murine experiments resulted in the absence of 
PAR1-4 in the synovial and cartilage tissue (supplementary figure 5). 
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Figure 2. Expression of PAR1-4 in the synovial lining tissue and cartilage tissue of hemophilia 
patients upon repeated join bleeds.
(A) Representative micrographs of synovial tissue (top row) and cartilage tissue (bottom row) for the 
expression of the four PARs. Examples of positive cells indicated by an arrow. (B,C) Average expression 
of the four PARS in synovial lining (left) and chondrocytes (right) shown as means ± SEM in left control 
(open bars) and right blood induced (grey bars) knees. * p<0.05 (n=6; independent t-test). Increased 
expression of PAR1 in the synovial lining, and increased PAR4 expression in chondrocytes in joints upon 
repeated joint bleeds is observed.

Effect of silencing of the PAR1-4 genes on synovitis in vivo in mice upon blood 
exposure
For the left unaffected knee, no differences were found in the Valentino score for 
synovitis between the control group and the siRNA group (figure 3A). Following a 
joint bleed, a statistically significant increase in Valentino score was noted for the 
right blood-exposed joint as compared to the left unaffected knee joint in both the 
control group (p<0.01) as in the siRNA group (p=0.02), although the latter clearly 
less profound. Comparing the right blood-exposed joints from the control and 
PAR1-4 siRNA group, the latter had statistically significant (p=0.01) less synovitis. 
The change in Valentino inflammation score for the right vs. the left knee of each 
animal averaged for the group was also statistically different between the control 
group (2.92±0.36) and the PAR1-4 siRNA group (1.25±0.33) (p<0.01) (figure 3B).
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Figure 3. Transfection with PAR1-4 siRNA attenuates blood-induced synovitis
(A) Valentino score in mice following the induction of a joint bleed in the right knee compared to the left 
unaffected knee for the control group (without PAR silencing; dots) and the experimental group (with 
PAR1-4 siRNA treatment; triangles) is shown. A lower Valentino score was noted in the PAR1-4 siRNA 
group (*) although still elevated compared to the contra-lateral control joints (#). (B) The change in 
Valentino score for the right vs. the left knee of each animal averaged for the group was lower in the 
PAR1-4 siRNA group (‡). Data are shown as individual dots (A) or means (B) for the 12 mice per treatment 
group. *,# p<0.05, loglinear analysis and Pearson Chi-Square for comparison between the control and 
PAR1-4 siRNA group for comparison between the left unaffected and right knee joint. ‡ p<0.05, indepen-
dent t-test was used for comparison of the contra-lateral change in inflammation score between the 
control and PAR1-4 siRNA group.

Effect of silencing of the PAR1-4 genes on cartilage damage in vivo in mice 
upon blood exposure 
Safranin O staining, as a measure for cartilage damage, for the left unaffected knee 
joints of the control and siRNA group were comparable (p=0.61) (figure 4A). A joint 
bleed resulted in a increase in Safranin O score for the right blood-exposed knee 
joint as compared to the left unaffected knee in the control group (p<0.01). In 
contrast, treatment with siRNA resulted in a decrease in Safranin O score of the right 
blood-exposed knee joint as compared to the left unaffected knee joint (p=0.02). 
Moreover, when comparing the right knee joint of the control group with the siRNA 
group, the latter had statistically significant (p<0.01) less cartilage damage. Also 
when for each animal the change in Safranin O score for the right vs. the left knee 
was calculated, a statistically significant (p<0.01) difference between the control 
(1.75±0.37) group and the siRNA group (minus 0.42±0.31) was noted (figure 4B). 

PAR expression upon silencing of genes ex vivo in human cartilage tissue
As for mice cartilage, treatment of human cartilage with PAR1-4 siRNA resulted in 
the absence of chondrocyte PAR1-4 expression (histochemistry; supplementary 
figure 6A).  Also a complete absence of PAR1-4 expression at mRNA level (RT-PCR) 
in the human cartilage was found (supplementary figure 6B). 
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Figure 4. Transfection with PAR1-4 siRNA attenuates cartilage damage in mice
The Safranin O score was determined by two blinded observers in the left and right knee in mice treated 
with control or with a PAR1-4 siRNA. Following the induction of a joint bleed in the right knee and compa-
ring the control group with PAR1-4 siRNA treatment, a reduction in Safranin O score was noted in the 
PAR1-4 siRNA group (A). In addition, the change in Safranin O score for the right vs. the left knee of each 
animal averaged for the group was lower in the PAR1-4 siRNA group (B). Data are shown as individual 
dot plots for 12 mice per treatment group. * p<0.05, loglinear analysis and Pearson Chi-Square were used 
for comparison between the control and PAR1-4 siRNA group. # p<0.05, loglinear analysis and Pearson 
Chi-Square were used for comparison between the left unaffected and right blood-exposed knee joint. ‡ 
p<0.05, independent t-test was used for comparison of the contra-lateral change in Safranin O score 
between the control and PAR1-4 siRNA group.

Effects of silencing of PAR1-4 on plasmin induced damage of human cartilage 
Culture of human cartilage with various concentrations of plasmin [10-100nM] resul-
ted in a dose-dependent increase in proteoglycan release (figure 5). A statistically 
significant (p<0.01) reduction in proteoglycan release was found in the condition with 
PAR1-4 siRNA [600nM] transfection and subsequent culture with plasmin 100nM 
(0.66mg/g; range 0.28) as compared to culture with plasmin 100nM alone. In 
contrast, control siRNA [600nM] (1.10mg/g; range 0.69) failed to attenuate the 
plasmin 100nM induced protegolycan release.

Discussion

In this study we demonstrate an increase in PAR1, PAR2, and PAR4 synovial lining 
expression, and an increase in PAR2 and PAR3 chondrocyte expression in mice 
following the induction of a joint bleed. An increase in PAR1 synovial lining expres-
sion and PAR4 chondrocyte expression in human blood-induced arthropathy 
patients was found. The data presented herein also demonstrate that silencing of 
PAR1-4 attenuates synovitis and cartilage damage following the induction of a joint 
bleed in mice. Moreover, silencing of PAR1-4 attenuates plasmin-induced cartilage 
damage in human cartilage tissue explants. 
Plasmin is the main effector protease of the fibrinolytic system and degrades fibrin22. 
In addition, proteases like plasmin are able to mediate various cellular effects by
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Figure 5. Transfection with PAR1-4 siRNA attenuates plasmin-induced proteoglycan release in 
human cartilage
Proteoglycan release from human cartilage increased dose dependently upon addition of plasmin (gray 
bars; *). Transfected with PAR1-4 siRNA [600nM] attenuated this release significantly (white bar; #) 
whereas control siRNA [600nM] did not (black bar). Data are shown as median with range. p<0.05, 
compared to control (*) and plasmin 100nM (#)  with Kruskal-Wallis and Mann-Whitney test. 

activating PARs, or act as negative PAR regulators, preventing downstream signa-
ling by proteolytically inactivating the receptor23. 
In line with the literature we found expression of all the four known PARs in both 
murine and human synovial lining cells and chrondrocytes14. The increased PAR 
expression following joint bleeding in mice and human is probably the result from the 
presence of increased plasmin levels and the presence of stimulatory cytokines, as 
it is know that cytokines such as IL-1ß and TNFɑ induce PAR expression24,25. The 
increased PAR expression is in concordance with the increased PAR expression in 
other joint diseases such as rheumatoid arthritis (RA) and osteoarthritis (OA)26-28.
Evidence  indicates that stimulation of PAR signaling has various deleterious effects 
in the joint. Stimulation of PAR1 for example, induces synovial proliferation and 
cytokine production29,30. In addition, stimulation of PAR2 results in joint swelling, 
synovial hyperplasia, and cartilage damage, whereas synovial pro-inflammatory 
cytokine production is reduced with antagonism of PAR224,31. Finally, PAR4 stimula-
tion results in joint pain and inflammation32,33.
Our study demonstrates that blocking of PAR1-4 resulted in reduction in the severity 
of synovitis and cartilage damage following a joint bleed in hemophilic mice. Similar 
protective effects on the severity of arthritis are found in studies using PAR1 and 
PAR2-deficient mice34,35. From our study it is not clear which of the PARs contributes 
to the observed reduction in synovitis and cartilage damage as they were silenced 
all four together.
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We recently identified plasmin as a major contributor to the pathophysiology of 
blood-induced arthropathy, and in particular to the onset of cartilage damage. It is 
known that culture of human articular explants with plasmin results in a dose-
dependent increase in proteoglycan release36. Once formed, plasmin can degrade 
cartilage either directly via an unknown mechanism, or indirectly, through the activa-
tion of pro-matrix metalloproteinases (pro-MMPs)37-39. This study indicates that the 
unknown direct mechanism of plasmin-mediated cartilage destruction is at least 
partly PAR-mediated. 
In conclusion, here we demonstrate that synovial and chondrocyte PAR expression 
is altered in mice following a joint bleed and in patients with blood-induced arthropa-
thy, and that treatment with PAR1-4 siRNA results in a reduction in synovitis and 
plasmin-induced cartilage damage. These data underline the pivotal role of PARs 
and plasmin in the pathophysiology of blood-induced arthropathy and suggest that 
intra-articular antagonism of PARs may be a new therapeutic modality for patients 
who suffer from joint bleed.
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Chapter 9

Summary and general discussion





Summary

The aim of this thesis was to gain more insight in the pathophysiology of blood-
induced joint damage, and to establish new targets for therapeutic options. To 
achieve this several in vitro and ex vivo studies involving patients with hemophilia, 
as well as studies involving animal in vivo models of blood-induced joint damage 
have been performed. The results of these studies are summarized in this chapter, 
followed by an integrated discussion to place them in a broader perspective.

Deadly iron, but you can´t live without it
In the first part of this thesis the pivotal role of iron in the pathophysiology of blood-
induced joint damage is further clarified. Tight regulation of iron homeostasis is of 
vital importance for normal cellular function. Iron is required for hematopoiesis, facili-
tation of oxygen transport throughout the human body, and an adequate immune 
response. But too much iron is harmful for human cells and tissues. 
It is known that erythrocyte-derived iron contributes to both blood-induced synovitis 
and apoptosis of chondrocytes with subsequent cartilage damage1-4. Blood-induced 
synovitis is the direct result of iron loading of the synovium with subsequent deposi-
tion of hemosiderin. Until now only a few of the known iron regulator proteins have 
been identified in the human synovium. In chapter 2 it was investigated whether the 
recently discovered iron regulator proteins ferroportin (FPN), hepcidin, hemoglobin 
scavenger receptor CD163 (CD163), feline leukemia virus subgroup C (FLVCR), 
and heme carrier protein-1 (HCP-1) could be identified in the human synovium5-9. In 
addition it was investigated whether the expression of these iron regulator proteins 
was different from other joint diseases, and  whether the expression was altered 
following a joint bleed. We confirmed the synovial expression of the investigated iron 
regulator proteins in humans. In addition, it appeared that in patients with hemophilic 
arthropathy the synovial expression of the investigated iron regulator proteins, 
except for hepcidin, was enhanced as compared to patients with reumatoid arthritis 
(RA), osteoarthritis (OA), and as compared to healthy controls. Furthermore, in a 
murine model of acute joint bleed, an increase in synovial expression of FPN, 
CD163, and HCP-1 was found. These findings suggest a synovial adaptation to 
maintain synovial iron hemostastis in patients with blood-induced arthropathy, and 
even following a single joint bleed.
With a joint bleed, the monocyte/macrophage populations produce pro-inflammatory 
cytokines and are involved in the process of erythrophagocytosis and subsequent 
release of iron. In this manner, the monocyte/macrophage populations contribute to 
the development of blood-induced synovitis and cartilage damage. 
Monocyte/macrophage populations are heterogeneous, are able to polarize and 
differentiate in M1 or ‘inflammatory’ monocytes/macrophages, and M2 or ‘patrolling’ 
monocytes/macrophages. In general, M1 cells have inflammatory functions and 
produce high levels of pro-inflammatory cytokines, whereas M2 cells have immuno-
regulatory functions, have increased phagocytic activity, and are involved in matrix 
remodeling and wound healing. Recent studies have revealed that monocyte and 
macrophage polarization also affects their role in iron homeostasis. M1 cells express
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low levels of iron regulator proteins and have limited iron internalization and release 
capacities, whereas M2 cells express high levels of iron regulator proteins and have 
effective iron internalization and release capacities10-12. In chapter 3 it was demon-
strated that monocyte/macrophage polarization was altered following a joint bleed in 
a murine model of acute joint bleed, resulting in skewing towards a pro-inflammatory 
M1 phenotype in the peripheral blood and a combined M1/M2 
monocyte/macrophage phenotype in the synovial fluid and in the synovial tissue. 
From this, it is concluded that modulating the polarization of distinct 
monocyte/macrophage populations towards a M2 phenotype might represent 
interesting prophylactic or therapeutic approaches for blood-induced arthropathy. A 
dominant M2 phenotype would result in an increase in an increase in iron internaliza-
tion and release capacities and an increase in anti-inflammatory cytokines. Skewing 
monocyte/macrophage polarization and its effect on blood-induced joint damage is 
an interesting topic for further investigation.
The findings above indicate the presence of several adaptation mechanisms to 
maintain iron homeostasis and to prevent the onset of blood-induced synovitis and 
cartilage damage following a joint bleed. Nonetheless, iron deposition and hemosi-
derin deposition are observed even after a single joint bleed in patients and are well 
known hallmarks of blood-induced arthropathy1. In addition, it is known that humans 
are unable to actively remove iron from their body, while erythrocyte-derived iron is 
abundantly present after a joint bleed. This raises the question whether iron chela-
tion is a potential therapeutic option for the prevention and/or treatment of blood-
induced arthropathy. Deferasirox (Exjade®) is an oral iron-chelating drug that binds 
to iron resulting in active excretion of iron13;14. In chapter 4 a study was conducted 
which evaluated the effect of oral treatment with deferasirox on the development of 
blood-induced synovitis and cartilage damage following a joint bleed in a murine 
model of acute joint bleed. It was demonstrated that oral treatment with deferasirox 
reduced hemosiderin deposition, and prevented cartilage damage, but not synovitis, 
following a joint bleed. These results suggest that also iron chelation, alternatively to 
M1/M2 polarization, may be a potential prevention option to limit the development of 
blood-induced arthropathy.

Crosstalking between coagulation and inflammation
Increased joint iron levels are important in the pathophysiology of blood-induced 
joint damage. Iron accumulation in the joint is a direct result of the combination of a 
provocation of a joint bleed, for example due to a mechanical trigger, trauma, or 
surgery, and an imbalance in local joint hemostasis. This results in continued extra-
vasation of iron-loaded erythrocytes into the joint and joint damage. 
Hemostasis is the result of the balance between coagulation and fibrinolysis. 
Although our knowledge of the disturbance of the coagulation cascade in hemophilia 
is extensive, surprisingly little is known of the fibrinolytic system. And although factor 
replacement has improved the treatment of hemophilia patients considerably, factor 
replacement therapy is expensive, not widely available, and does not prevent joint 
bleeds completely15. In this second part of the thesis we focus on the fibrinolytic 
system and the interaction between coagulation and inflammation.
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It is known that proteases of both the coagulation cascade and the fibrinolytic system 
are able to modulate inflammatory responses directly or via interaction with the 
so-called protease-activated receptors (PARs)16. There are four known PARs which 
are widely present throughout the human body in different combination17-20. In chap-
ter 5 it was evaluated whether in vitro stimulation of naïve monocytes and peripheral 
blood mononuclear cells (PBMCs) with coagulation proteases FVIIa, the binary 
TF-FVIIa complex, free FXa, the ternary TF-FVIIa-FXa complex, and thrombin resul-
ted in PAR-mediated immunemodulating reactions. As described in chapter 5, naive 
monocytes were not triggered by coagulation proteases, whereas only thrombin was 
able to elicit pro-inflammatory, and not anti-inflammatory, events in a PAR-1-
dependent manner in PBMCs. Based on these experiments it was concluded that 
stimulation of naïve monocyes and PBMCs, both present following a joint bleed, with 
coagulation proteases did not result in the production of anti-inflammatory cytokines 
which may be beneficial for the patient with hemophilia.
Early studies investigating the pathophysiology of hemophilic arthropathy specula-
ted that the observed bleeding tendency of hemophilic joints is at least partly stimu-
lated by an insufficient local hemostasis caused by liberation of fibrinolytic activators 
from the affected synovial membrane21;22. And although, more recent studies demon-
strated that synovial tissue expresses and produces several components of the 
fibrinolytic system, our knowledge about the synovial fibrinolytic system is limited23;24. 
In chapter 6 the effects of a joint bleed on the synovial fibrinolytic system were 
tested in a in vivo murine model of acute joint bleed. It was demonstrated that a joint 
bleed resulted in an increase in synovial cells expressing urokinase-type plasmin-
ogen activator (uPA), and in an increase in synovial levels of uPA, plasminogen 
activator inhibitor 1, and plasmin. The observed enhanced synovial uPA production 
in the murine experiments was confirmed in ex vivo studies with human synovial 
fibroblasts. In addition, in ex vivo experiments it was demonstrated that plasmin, as 
the effector protease of the fibrinolytic system, induced proteoglycan release in 
human cartilage tissue. These studies indicate that a joint bleed results in alterations 
in the synovial fibrinolytic system with an increase in synovial plasmin levels, making 
the joint more vulnerable to prolonged and subsequent bleedings, and with that 
adding directly to cartilage damage.
The results of the studies as described in chapter 6 prompted us to conduct experi-
ments to evaluate whether blocking the synovial fibrinolytic system would attenuate 
synovitis and cartilage damage following a joint bleed. As described in chapter 7, 
treatment with either oral or intra-articular amiloride, a specific inhibitor of uPA, or 
intra-articular antiplasmin resulted only in the prevention of synovitis and cartilage 
damage following a joint bleed in a murine model for the intra-articular antiplasmin 
treatment group. It was concluded that intra-articular treatment with antiplasmin 
should be further studied as a new therapeutic modality for blood-induced arthropa-
thy including hemophilia in humans.
Chapter 6 demonstrated that a joint bleed results in an increase in synovial plasmin 
levels and in a release of proteoglycans in plasmin-stimulated cartilage, indicating 
that plasmin induced human cartilage damage. The exact mechanism of plasmin-
mediated cartilage damage is unknown. However, it is known that proteases of the
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fibrinolytic system, such as plasmin, are able to interact with PARs and that both 
synoviocytes and chondrocytes express PARs25-27. In chapter 8 we investigated 
whether a joint bleed alters PAR expression, and whether treatment of a joint bleed 
with small interfering RNA (siRNA) targeted against PAR1-4 would attenuate synovi-
tis and cartilage damage. In an in vivo murine model of acute joint bleed, an increase 
in synovial PAR1, PAR2, and PAR4, and an increase in chondrocyte PAR2 and 
PAR3 expression was observed. Also, in ex vivo experiments in patients with 
hemophilic arthropathy an increase in synovial PAR1 and chondrocyte PAR4 
expression was found. Intra-articular treatment of a joint bleed in hemophilic mice 
with PAR1-4 siRNA resulted in a reduction in synovitis and cartilage damage. In 
addition, treatment of human cartilage in ex vivo experiments with siRNA reduced 
plasmin-induced cartilage damage. These observations demonstrate that synovial 
and chondrocyte PAR expression is altered following a joint bleed in hemophilic mice 
and in patients with hemophilic arthropathy, and that treatment with PAR1-4 siRNA 
resulted in a reduction in synovitis and plasmin-induced cartilage damage. It was 
concluded that plasmin-induced cartilage damage is partly PAR-mediated and that 
also PAR1-4 antagonism may be a new potential therapeutic intervention upon a 
joint bleed following trauma, major surgery, of in patients with hemophilia. 

General discussion

In recent years our understanding of the pathophysiology of blood-induced arthropa-
thy has increased. Nonetheless, this knowledge has not yet resulted in novel effec-
tive therapeutic options for the treatment of blood-induced arthropathy for patients 
with hemophilia or patients with blood-induced arthropathy following trauma or major 
joint surgery. 
The best way to prevent blood-induced joint damage is to prevent the exposure of 
joint tissues to blood, as it is clear that by reducing the blood load in a joint, one is 
able to limit the degree of joint damage28-30. In case of hemophilia, clotting factor 
replacement is used to prevent the onset of joint bleeds and the subsequent joint 
damage. Several clotting factor replacement products are available and the choice 
of product is usually based upon availability, safety, purity, and cost, as well as the 
risk of occurrence of inhibitory antibodies31. The effectiveness of primary prophylac-
tic factor replacement therapy has been clearly demonstrated in two randomized 
studies32;33. Compared with on demand clotting factor replacement, primary prophy-
laxis starting at a young age markedly reduced the risk of joint bleeds and subse-
quent blood-induced arthropathy. There is less information available on the value of 
secondary prophylaxis in adults, although one prospective study demonstrated a 
reduction in joint bleeds with secondary prophylaxis34. 
It is clear that clotting factor replacement therapy results in a reduction in the amount 
and intensity of joint bleeds, improves the quality of life, and raised the life expec-
tancy of patients with hemophilia to that of the general male population. Nonethe-
less, hemophilic arthropathy is still an issue of great concern for several reasons. 
First of all, in contrast to the widespread availability of clotting factor in the western 
world, the availability of clotting factor worldwide is limited. It is estimated that 
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approximately 75% of the patients with hemophilia worldwide do not receive proper 
clotting factor replacement therapy. One of the reasons for the poor availability of 
clotting factor replacement are the high cost of these products35. When available, 
one of the most challenging problems in the treatment of patient with hemophilia with 
clotting factor replacement is the development of inhibitors. Approximately 25 to 30 
percent of the patients with severe hemophilia A and 3 to 5 percent of the patients 
with severe hemophilia B develop inhibitors36;37. Finally, clotting factor is not substitu-
ted to normal plasma levels, for example the goal of primary prophylaxis is to main-
tain the factor level above 1 percent, which should convert the patients phenotype 
from severe to moderate38;39. Even with these primary prophylaxis regimens, joint 
bleeds and subsequent HA still occurs40;41. This is probably the result from chronic 
microhemorrhage into the joint without clinical evidence of joint bleeds. Additionally, 
young patients in our western world nowadays demand an active life including sports 
which increases the risk of joint bleeds significantly. As such the risk for joint bleeds 
and the development of a target joint that is more vulnerable to subsequent bleeds 
is increased.   
Once a joint bleed has occurred following trauma or major surgery or in a patient with 
hemophilia several treatment options are available, but the evidence for these indivi-
dual treatment options are rather limited. For hemophilia, the best evidence is 
present for direct replacement therapy with 25-40 IU/kg clotting factor which will stop 
the joint bleed in the vast majority of patients42;43. 
The next logical approach for both patients with hemophilia or patients with a joint 
bleed following joint trauma or major joint surgery seems to reduce the load of blood 
in a joint. A possible treatment option to limit the exposure to blood is joint aspiration 
(arthrocentesis). However, there is no consensus on aspiration following a joint 
bleed in patients with hemophilia, nor after acute trauma44;45. The available data 
evaluating the benefits of joint aspiration are limited and although direct evidence is 
lacking, possible side effects as the risk of recurrent joint bleed upon needle aspira-
tion of the joint and the risk of intra-articular infections are regarded as major 
drawbacks46;47. Considering that aspiration of blood within 24 hours completely 
prevented blood-induced cartilage damage in a recent human ex vivo study and that 
the removal of intra-articular blood upon joint surgery in a canine model was found 
beneficial, new studies investigating arthrocentesis for joint bleeds are 
warranted28;48.
The administration of compounds that intervene in pathological processes as new 
therapeutic options for blood-induced joint damage is a fast moving field of research. 
Studies have evaluated the potential role for systemic and intra-articular steroids for 
blood-induced joint damage. The benefits from steroids were found to be either 
short-lived or limited to synovitis, and because of their side-effects, their use is not 
recommended49;50. More recent studies indicate a possible beneficial effect of IL-4, 
IL-10, or the combination IL-4 and IL-10 in the treatment of blood-induced joint 
damage28;51-53. In human ex vivo studies IL-4, IL-10, and the combination IL-4 and 
IL-10 limited the production of pro-inflammatory cytokines IL-1ß and TNF-ɑ known to 
be important in the pathophysiology, and subsequently prevented blood-induced 
cartilage damage51;52. In addition, in a murine in vivo study a single intra-articular
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injection with IL-4 and IL-10 directly after a joint bleed was found to limit blood-
induced cartilage damage, but not synovitis53. These results indicate that treatment 
strategies which intervene with processes involved in the pathophysiology of blood-
induced joint damage may be possible and may be beneficial for the patient, but 
clearly need further exploration of study. 

Modulating iron homeostasis
Considering that iron plays a pivotal role in both synovitis and cartilage damage, 
modulating iron homeostasis seems to be a logical approach to prevent or limit 
blood-induced arthropathy. This is reflected by the observed enhanced expression of 
the iron regulator proteins FPN, CD163, FLVCR, and HCP-1 indicating a synovial 
adaptation mechanism to maintain iron homeostasis in an environment with an 
excess of iron (chapter 2)5-9. Regarding the ongoing deposition of iron and hemosi-
derin despite this synovial adaptation mechanism, and considering the observed 
increase in M1 synovial macrophages and M1 monocytes in the joint lavage, which 
have limited iron internalization and release capacities, there may be room for impro-
vement in iron homeostasis (chapter 3)10-12. 
Modulating iron homeostasis must be performed in a delicate manner, as tight regu-
lation of iron homeostasis is of vital importance for normal cellular function for both 
iron-loaded as not iron-loaded cells and for normal innate and adaptive immune 
responses54. In addition, the situation for blood-induced arthropathy is unique 
because iron overload is locally present in the joint tissues and not systemic, making 
direct extrapolation of therapeutic options for systemic iron overload not possible. 
Possible treatment options to counteract the iron load in the joint tissues may be 
modulation of either local iron regulators or iron chelation or a combination of both. 
Ferroportin, the only identified human iron exporter, is a first interesting candidate. 
Inducing ferroportin in joint tissues would stimulate iron export from inside the cell 
into the circulation with a subsequent reduction in iron load. Ferroportin transcription 
is regulated by several substances, including iron, heme, and inflammatory cytoki-
nes. Iron and heme, abundantly present after a joint bleed, induce ferroportin trans-
cription, whereas inflammation, either directly or indirectly via the induction of hepci-
din, results in a decrease in ferroportin transcription55;56. Less is known on the regula-
tion of the other iron regulator proteins CD163, FLVCR, and HCP1, although it is 
known that the expression of CD163 and HCP-1 is suppressed by pro-inflammatory 
cytokines and induced by anti-inflammatory cytokines57;58.
In chapter 3 it is demonstrated that blood monocytes are of the M1 phenotype and 
that invading monocytes and resident synovial macrophages following a joint bleed 
have a combined M1-M2 phenotype. It is known that the M1 phenotype is associated 
with a limited iron internalization and release capacities and a pro-inflammatory 
phenotype. Skewing the phenotype of the invading monocytes and synovial macro-
phages towards a M2 phenotype, which is associated with effective iron internaliza-
tion and release capacities, and is also known to promote tissue repair and bone 
healing, would possibly attenuate synovitis and cartilage damage. Skewing of mono-
cytes and macrophages towards a M2 phenotype is possible with stimuli as transfor-
ming growth factor beta, IL-4, IL-10, and interleukin-1359;60.
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Considering the above, anti-inflammatory therapy may be an option in the treatment 
of blood-induced arthropathy. Anti-inflammatory therapy would result in induction of 
iron regulator proteins and skewing of the monocyte and macrophage towards a M2 
phenotype, and would dampen inflammatory reactions. The use of anti-inflammatory 
agents for the treatment of blood-induced arthropathy is not new. Intra-articular 
admission of steroids has been used for decades with reported benefits, but variable 
outcome61;62. Therefore they are not recommend and not frequently used in clinical 
practice. More recent studies indicate a possible beneficial effect of IL-4, IL-10, or 
the combination IL-4 and IL-10 in the treatment of blood-induced joint damage28;51-53. 
It was demonstrated that blood-induced cartilage damage, but not synovitis, was 
limited with the use of IL-4 and IL-10. These findings, and the widely accepted bene-
fit of anti-inflammatory agents in other joint diseases such as RA, advocate the need 
for further studies in this field. Considering the short half-lives, the bioavailability, and 
the systemic side effects of available recombinant anti-inflammatory agent such as 
anti-IL-1, anti-TNF-ɑ, IL-4, and IL-10, direct intra-articular administration following a 
joint bleed whether or not combined with joint aspiration seems to be the best 
approach. This is clearly a topic that needs further research to translate these 
pre-clinical findings towards clinical testing.
A more robust approach for modulating iron homeostasis in the iron loaded tissues 
following a joint bleed is iron chelation. In chapter 4 it is demonstrated that deferasi-
rox (Exjade®), an oral iron-chelating drug, reduced haemosiderin deposition and 
prevented cartilage damage, but not synovitis, following a joint bleed13;14. Chapter 4 
is a proof of principle that patients with a joint bleed may benefit from iron chelation 
due to its central role in the pathophysiology of blood-induced arthropathy. In 
addition to its iron chelating effect, deferasirox inhibits nuclear factor-kappaB (NFkB) 
in an iron-independent matter63. NFkB is involved in the amplification of synovial 
inflammatory responses and in the production of cartilage damaging MMP’s by 
human chondrocytes63-66. In this manner deferasirox is able to limit synovitis and 
cartilage damage following a joint bleed.
Several studies investigated the safety of deferasirox in human conditions. These 
studies indicated that systemic deferasirox can be safely used with acceptable side-
effects in humans with systemic iron overload67. Important for the blood-induced 
arthropathy situation, which is characterized by a local iron overload and normal or 
low systemic iron levels, is that at present no data is available on the safety of 
deferasirox in such situation. Considering the vital importance of iron for normal 
cellular function, the used set up of oral iron chelation for several weeks, as used in 
chapter 4, cannot be translated to the clinical practice. Regarding the intermittent 
presence of joint bleeds and subsequent iron overload, continues iron chelation also 
seems not to be warranted. Chapter 4 demonstrated as a proof of principle that 
patients with blood-induced arthropathy may benefit from iron chelation. Key 
aspects for further research is the question of local intra-articular administration of 
deferasirox, whether or not combined with joint aspiration, is as potent as systemic 
deferasirox with an acceptable safety profile. 
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Antifibrinolytics and PAR antagonism as therapeutic options
One of the most intriguing questions in hemophilic arthropathy is why especially the 
synovial joints are so vulnerable for joint bleeds. In our search to gain more insight 
in the pathophysiology of blood-induced joint damage, and to establish new targets 
for therapeutic options, we investigated the synovial fibrinolytic system. In chapter 6 
it was demonstrated that a joint bleed resulted in an increase in synovial uPA and 
plasmin levels, resulting in plasmin-induced cartilage damage. 
The hypothesis that the fibrinolytic system is involved in the pathophysiology is 
already proposed in the 70s when Storti and colleagues speculated that the bleeding 
tendency of hemophilic joint was stimulated liberation of fibrinolytic activators from 
affected synovial membranes22. Using a fibrin digestion assay, it was suggested that 
an increase in fibrinolytic activity in hemophilic synovial tissues is present compared 
to healthy synovial tissue, but they were not able to further investigate these 
findings21;68.
Our study demonstrate that the synovial fibrinolytic system is stimulated following a 
joint bleed resulting in elevated synovial uPA, the major activator of fibrinolysis in the 
extravascular compartment, and elevated synovial plasmin levels. This fibrinolytic 
activation makes the synovial joint more vulnerable for prolonged and subsequent 
bleeding. This is because a clot lyses prematurely in factor deficient plasma in the 
presence of urokinase-induced fibrinolytic activity69;70. Besides that it gives a good 
explanation why patients with hemophilia in particular suffer from synovial joint 
bleeds with the vulnerability for re-bleeds and the subsequent development of a 
target joint, it also demonstrates that this stimulated fibrinolytic system is one of the 
pathways in the pathophysiology of blood-induced arthropathy making it a possible 
target for therapeutic interventions. 
The concept of antifibrinolytic therapy in hemophilia is not new and has been advo-
cated for years. The most commonly used antifibrinolytics in hemophilia are 
ε-aminocaproic acid and tranexamic acid, both are lysine analogues that inhibit 
plasmin formation. Indeed, clinical observations and several experimental studies 
suggested the beneficial use of antifibrinolytics in the treatment of patients with 
hemophilia with promising hemostatic effects when used as a systemic 
monotherapy71. However, the reported promising hemostatic effects where not 
confirmed in other studies and the systemic use of antifibrinolytics for the treatment 
of joint bleeds was never incorporated in clinical practice. One of the reasons is 
probably that although it is known that the systemic fibrinolytic system in patients 
with hemophilia is disturbed, and although a correlation between disturbed intravas-
cular fibrinolytic activity and a more intense bleeding phenotype is suggested, the 
alterations in systemic fibrinolytic activity are probably too limited to benefit from 
systemic antifibrinolytic therapy69;72;73.
In contrast, a clear benefit of local antifibrinolytic therapy to stabilize clot formation in 
areas of increased fibrinolysis, such as the oral cavity, has been demonstrated in 
patients with hemophiliac74;75. In addition, local antifibrinolytic therapy was found to 
reduce postoperative blood loss in patients with major joint surgery76;77. In chapter 7, 
it was demonstrated that intra-articular treatment of a joint bleed with antiplasmin 
resulted in the prevention of synovitis and cartilage. This advocate further studies
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investigating the use of intra-articular antifibrinolytics as a treatment option for joint 
bleeds. Antifibrinolytics have several advantages, they are cheap, are widely availa-
ble, and are in general safe. Potential drawbacks on the use of antifibrnolytics are 
their relatively short half lives and the additive thrombotic risks of these drugs when 
co-administered with prothrombin complex concentrates74. Although, it is not clear if 
local administered antifibrinolytics are also associated with an increased thrombotic 
risk. 
In addition to their function in normal fibrinolysis, plasmin is able to alter cell signaling 
via interaction with the four known PARs. It is known that synovial fibroblasts, 
chrondrocytes, monocytes, and macrophages express these PARs and that PAR 
expression correlates with synovitis and cartilage damage in other joint diseases 
such as OA and RA78;79. 
In chapter 8 it was demonstrated that intra-articular treatment of a joint bleed with 
PAR1-4 siRNA resulted in a reduction in synovitis and plasmin-mediated cartilage 
damage. This is a proof of principle that PAR antagonism may be a therapeutic 
option for blood-induced arthropathy. Not only may patients benefit from the reduc-
tion in synovitis and cartilage damage, PAR antagonism may also be beneficial for 
direct pain relieve as it is known that joint pain can be PAR-mediated80;81. 
The local transfection of PAR1-4 siRNA with subsequent electroporation of the joint, 
as used in our study, is not executable in clinical practice. However, several synthetic 
anti-PAR1-4 compounds are available. These PAR1-4 antagonists are rather cheap 
and are both effectively and safely used systemic in the treatment of myocardial 
infarctions and in the prevention of cardiovascular death or ischemic events in 
patients with a history atherothrombosis82;83. One concern is the reported increased 
risk of intracranial hemorrhage with several of the systemic used PAR1 
antagonists84. So far, intra-articular administration of PAR antagonists has only been 
performed in murine OA and RA models85;86. In these murine models PAR antago-
nists were found to be beneficial. Further research is warranted to investigate 
whether intra-articular administration of PAR antagonists is also beneficial in the 
treatment of blood-induced arthropathy, and whether its safety profile is acceptable 
for clinical use.

Overall conclusion

The overall conclusion of this thesis is that human synovial tissue expresses the iron 
regulator proteins FPN, CD163, FLVCR, and HCP1, and that their expression is 
enhanced following a joint bleed. A joint bleed alters monocyte/macrophage polari-
zation resulting in a blood monocyte M1 phenotype and a combined M1-M2 
monocyte/macrophage phenotype in the synovial fluid and in the synovium. Defera-
sirox, an oral iron chelator, reduced synovial hemosiderin deposition and prevented 
cartilage damage following a joint bleed. Stimulation of naïve monocyes and PBMCs 
with coagulation proteases does not result in the production of anti-inflammatory 
cytokines. A joint bleed results in an increase in synovial cells expressing uPA, an 
increase in synovial levels of uPA, PAI-1, and plasmin, and in plasmin-induced 
cartilage damage. Treatment of a joint bleed with intra-articular antiplasmin results in
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the prevention of synovitis and cartilage damage. Amiloride, a specific inhibitor of 
uPA, failed to attenuate synovitis and cartilage damage. A joint bleed alters synovial 
and chondrocyte PAR expression. Treatment of a joint bleed with PAR1-4 siRNA 
limits the onset of synovitis and cartilage damage. Further investigations needs to be 
done to translate these results to the clinical practice.

Figure 3. New pathways in blood-induced joint damage 
With a joint bleed the joint cavity will be filled with blood including its components erythrocytes and 
monocytes/macrophages. Hemoglobin, derived from erythrocytes, induced synovial uPA expression and 
results in enhanced synovial uPA production. A joint bleed results in an increase in synovial uPA, PAI-1, 
and plasmin levels. Subsequently, plasmin interacts with PAR1-4, which expression is altered following a 
joint bleed. This results in plasmin-mediated and PAR-dependent and -independent cartilage damage  
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Nederlandse samenvatting

Dit proefschrift behandelt verschillende aspecten van bloed-geïnduceerde 
gewrichtsschade: schade aan gewrichten die ontstaat na één of meerdere bloedin-
gen in het gewricht. Deze gewrichtsbloedingen kunnen optreden in gezonde 
mensen als gevolg van een (sport)letsel of een chirurgische ingreep aan het 
gewricht. Daarnaast komen gewrichtsbloedingen veel voor bij patiënten met de 
stollingsstoornis hemofilie. Dit hoofdstuk bevat een samenvatting van de resultaten 
van het beschreven onderzoek in dit proefschrift, voorafgegaan door een inleiding 
over hemofilie en een uitleg over bloed-geïnduceerde gewrichtsschade. 

Hemofilie
Hemofilie is een erfelijke stollingsstoornis welke vrijwel uitsluitend bij mannen 
voorkomt. Er is sprake van een tekort aan stollingsfactor FVIII in het geval van 
hemofilie type A, en een tekort aan stollingsfactor IX in het geval van hemofilie type 
B. Ongeveer 1 op de 5.000 tot 10.000 mannen heeft hemofilie type A en 1 op de 
25.000 tot 30.000 heeft hemofilie type B. Het totaal aantal hemofilie patiënten 
wereldwijd wordt geschat op ongeveer 400.000. 
Patiënten met hemofilie hebben een levenslang verhoogd bloedingsrisico waarbij er 
sprake kan zijn van blauwe plekken tot ernstige inwendige bloedingen. De ernst en 
de mate van bloedingen hangt mede af van het percentage aanwezige stollingsfac-
tor. Patiënten met een ernstige hemofilie hebben van nature minder dan 1% 
stollingsfactor vergeleken met normaal, patiënten met een matige hemofilie hebben 
1 tot 5% stollingsfactor vergeleken met normaal en patiënten met een milde hemofi-
lie hebben meer dan 5% stollingsfactor vergeleken met normaal.
Ongeveer 85% van alle bloedingen bij patiënten met een ernstige hemofilie vindt 
plaats in de grote gewrichten: knieën, ellebogen, enkels, heupen en schouders. 
Bloedingen in de kleinere gewrichten zijn relatief zeldzaam. Ongeveer 25% van de 
patiënten met een ernstige hemofilie ontwikkelt een zogenaamd ´target joint´. Dit is 
gedefinieerd als een gewricht waar vier bloedingen in optreden gedurende een 
periode van 6 maanden, of 20 bloedingen gedurende het gehele leven. De kans op 
het ontstaan van nieuwe bloedingen is erg groot in een ´target joint´. 
Gewrichtsbloedingen, en de daarbij optredende gewrichtsschade, resulteert in 
pijnklachten, gewrichtsbeperkingen, invaliditeit en verminderde kwaliteit van leven. 
Momenteel is de behandeling van patiënten met hemofilie er op gericht om 
gewrichtsbloedingen te voorkomen. Patiënten worden hiervoor behandeld met injec-
ties met een vervangende stollingsfactor. Deze vorm van behandeling is slechts 
beschikbaar voor een klein gedeelte van de patiënten met hemofilie en vrijwel 
uitsluitend voor patiënten in de westerse wereld. Ongeveer 25 to 30% van de patiën-
ten met hemofilie welke worden behandeld met injecties met een vervangende 
stollingsfactor ontwikkelt afweerstoffen tegen de toegediende vervangende 
stollingsfactor waardoor de behandeling daarmee minder effectief wordt. Verder 
blijkt de behandeling met een vervangende stollingsfactor niet optimaal te zijn; 
ondanks deze behandeling heeft een gedeelte van de patiënten met hemofilie nog 
steeds gewrichtsbloedingen met als gevolg bloed-geïnduceerde gewrichtsschade.
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Ontsteking van het synovium en kraakbeenschade
Onafhankelijk van hoe een gewrichtsbloeding ontstaat (door letsel, operatie of 
hemofilie), kan een dergelijke gewrichtsbloeding leiden tot ernstige beschadiging 
van de verschillende onderdelen van een gewricht, zoals het synoviaal weefsel, 
kraakbeen en bot. 
Het synoviale weefsel vormt de zachte binnenbekleding van de gewrichtsholte. Het 
produceert synoviale vloeistof welke er voor zorgt dat er een soepele beweging in 
het gewricht mogelijk is. Daarnaast bevat het voedingsstoffen voor het kraakbeen en 
ruimt het afvalstoffen uit de synoviale vloeistof op. Om synoviale vloeistof te kunnen 
maken bevat het synoviaal weefsel relatief veel bloedvaatjes. Een nadeel van deze 
relatief grote hoeveelheid bloedvaatjes is dat deze makkelijk een bron vormen voor 
een gewrichtsbloeding.  
Kraakbeen bedekt de uiteinden van beide botten in een gewricht. Het is niet door-
bloed en daardoor totaal afhankelijk van voedingsstoffen uit de synoviale vloeistof. 
Kraakbeen is opgebouwd uit extracellulaire matrix die wordt gemaakt en wordt 
onderhouden door het enige celtype in kraakbeen: de chondrocyt. De extracellulaire 
matrix bestaat uit collageen type II en proteoglycanen. Collageen type II zorgen voor 
de vormvastheid van kraakbeen terwijl proteoglycanen veel water vasthouden in het 
kraakbeen waardoor bij belasting krachten in het gewricht kunnen worden opgevan-
gen. 
Bloed komt normaal gesproken niet in een gewricht voor. Bloed-geïnduceerde 
gewrichtsschade ontstaat door zowel ontsteking van het synovium als door directe 
schade aan het kraakbeen. Na een gewrichtsbloeding wordt het bloed door het 
synoviale weefsel uit het gewricht verwijderd. Dit neemt ongeveer een week in 
beslag. Tijdens dit proces worden er grote hoeveelheden ijzer vrijgemaakt uit de 
rode bloedcellen. Dit slaat deels neer in het synoviale weefsel in de vorm van hemo-
siderine. Daarbij raakt het synoviale weefsel ontstoken, treedt er celdood op van 
synoviale cellen, en gaat het synoviale weefsel ontstekingsbevorderende stoffen 
aanmaken, zoals cytokines (veroorzaken remming en celdood van de chondrocyt) 
en proteasen (breken kraakbeen weefsel direct af). 
Kraakbeenschade ontstaat reeds 24-48h na een gewrichtsbloeding en dit is ten dele 
het gevolg van de door het synoviale weefsel gemaakte cytokines en proteasen. 
Daarnaast beschadigd bloed het kraakbeen direct op een synovium-onafhankelijke 
manier. Kraakbeen dat wordt blootgesteld aan bloed maakt minder extracellulaire 
matrix bestanddelen zoals proteoglycanen aan, terwijl de afbraak hiervan juist 
toeneemt. Deze effecten zijn langdurig en zijn 10 weken na een gewrichtsbloeding 
nog aanwezig. Het is bekend dat de combinatie van ontstekingscellen 
(mononuclaire cellen) en rode bloedcellen verantwoordelijk is voor deze direct 
schade aan het kraakbeen. De mononuclaire cellen produceren ontstekingsbevor-
derende stoffen welke de chondrocyten stimuleren om waterstofperoxide te maken. 
Dit waterstofperoxide vormt samen met ijzer, dat is vrijgekomen uit aanwezige rode 
bloedcellen, radicalen. Radicalen zijn erg schadelijk voor chondrocyten en zorgen 
ervoor dat de chondrocyt dood gaat. Hierdoor kan er geen extracellulaire matrix 
meer worden gemaakt en raakt het kraakbeen onherstelbaar beschadigd.
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De doelstellingen van dit proefschrift zijn om meer inzicht te krijgen in het mecha-
nisme van bloed-geïnduceerde gewrichtsschade en het identificeren van nieuwe 
aangrijpingspunten voor behandeling om bloed-geïnduceerde gewrichtsschade 
tegen te gaan. 

IJzer
In het eerste gedeelte van dit proefschrift is de rol van ijzer in het mechanisme van 
bloed-geïnduceerde gewrichtsschade verder opgehelderd. In hoofdstuk 2 is de 
aanwezigheid van de ijzerpoorten ferroportin, haemoglobine scavenger recepor 
CD163, feline leukaemia virus subgroup C en haeme carrier protein-1 in de cellen 
van het synoviale weefsel aangetoond. Deze ijzerpoorten zorgen ervoor dat ijzer de 
synoviale cel in en uitgepompt kan worden en daarmee dat de hoeveelheid ijzer in 
de cel (tot op zekere hoogte) kan worden gecontroleerd en in balans kan worden 
gehouden. De geïdentificeerde ijzerpoorten zijn in aantal meer aanwezig in patiën-
ten met hemofilie en na herhaaldelijke gewrichtsbloedingen wanneer vergeleken 
met patiënten met reumatoïde arthritis, osteoarthritis en gezonde personen. Ook 
resulteert een eenmalige gewrichtsbloeding in muizen tot een toename van deze 
ijzerpoorten in het synoviale weefsel. Dit suggereert dat de synoviale cel bij een 
groter aanbod van ijzer, zoals bij een gewrichtsbloeding, de capaciteit om het ijzer 
op te nemen en vervolgens weg te pompen naar de bloedbaan verhoogd. Waar-
schijnlijk is het aanbod aan ijzer bij een gewrichtsbloeding echter dermate groot dat 
de capaciteit wordt overstegen en er uiteindelijk ijzer in de vorm van haemosiderine 
neerslaat in het synoviale weefsel wat uiteindelijk ontsteking en schade geeft. 

In hoofdstuk 3 wordt de rol van ontstekingscellen (mononuclaire cellen) bij een 
gewrichtsbloeding onderzocht. Er zijn twee typen mononuclaire cellen: M1 en M2 
type. Met verschillende signaalstoffen kan een mononuclaire cel worden gestimu-
leerd om een M1 of een M2 type cel te worden. Type M1 mononuclaire cellen produ-
ceren veel ontstekingsbevorderende stoffen en kunnen ijzer relatief slecht verwer-
ken. Type M2 mononuclaire cellen daarentegen produceren veel herstel bevorde-
rende stoffen en kunnen ijzer goed verwerken. Hoofdstuk 3 laat zien dat na een 
gewrichtsbloeding in een muis er meer M1 mononuclaire cellen in de bloedbaan zijn 
en er een combinatie van M1 en M2 mononuclaire cellen in het synoviale weefsel en 
in de gewrichtsvloeistof aanwezig is. Deze resultaten suggereren dat behandeling 
van een gewrichtsbloeding met signaalstoffen welke de mononuclaire cellen stimu-
leren om alleen maar type M2 mononuclaire cellen te worden mogelijk leidt tot 
minder gewrichtsschade.

Bij een gewrichtsbloeding komt er lokaal veel ijzer vrij uit de rode bloedcellen. Het is 
bekend dat het menselijk lichaam niet in staat is om zelf actief ijzer uit het lichaam te 
verwijderen. Er is echter reeds een medicament (deferasirox) beschikbaar voor de 
behandeling van ijzerstapeling bij andere ziektebeelden. Deferasirox is in staat om 
ijzer, aanwezig in de bloedbaan of weefsels, te binden en om vervolgens dit gebon-
den ijzer actief te verwijderen uit het menselijk lichaam. In hoofdstuk 4 werden 
muizen met een gewrichtsbloeding behandeld met deferasirox of een controle
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middel. Vergeleken met het controle middel leidt behandeling met deferasirox tot 
minder hemosiderine neerslag in het synoviale weefsel en in minder kraakbeen 
schade. Het heeft echter geen effect op de mate van synoviale ontsteking. Behande-
ling van een gewrichtsbloeding met deferasirox kan de gewrichtsschade dus gedeel-
telijk beperken.

Interactie tussen stolling en ontsteking
Bloedstolling is het resultaat van de balans tussen eiwitten welke de vorming van 
een bloedstolsel stimuleren (stollingscascade) en eiwitten welke een bloedstolsel 
afbreken (fibrinolyse). Patiënten met hemofilie hebben een stoornis in hun stollings-
cascade met een tekort aan stollingsfactor FVIII (hemofilie type A) of stollingsfactor 
IX (hemofilie type B). Onduidelijk is of patiënten met hemofilie ook een stoornis in de 
fibrinolyse hebben. Naast hun rol in de bloedstolling zijn componenten van zowel de 
stollingscascade als de fibrinolyse ook in staat om via de zogenoemde ´Protease 
Activated Receptors´ (PAR) een ontstekingsreactie te stimuleren of te remmen. Er 
zijn in de mens tot op heden vier PAR receptoren geïdentificeerd: PAR-1 tot en met 
PAR-4. Het tweede gedeelte van dit proefschrift richt zich op het fibrinolytische 
systeem in het gewricht en de interactie tussen bloedstolling en ontsteking.

In hoofdstuk 5 wordt er onderzocht of stimulatie van ontstekingscellen (monocyten 
en mononuclaire cellen), welke aanwezig zijn na een gewrichtsbloeding, met 
stollingsfactoren (FVIIa, TF-FVIIa complex, FXa, TF-FVIIa-FXa en trombine) resul-
teert in PAR-gemedieerde ontstekingsbevorderende of remmende reacties. Stimula-
tie met deze stollingsfactoren had geen effect op de monocyten. In mononuclaire 
cellen bleek alleen trombine een PAR-1 gemedieerde ontstekingsbevorderende 
reactie uit te lokken. Stimulatie van ontstekingscellen met bovengenoemde stollings-
factoren leidt dus niet tot (de gewenste) ontstekingsremmende reacties welke moge-
lijk gewrichtsschade kunnen voorkomen. 

Hoewel het duidelijk is dat patiënten met hemofilie een stoornis in de bloedstolling 
hebben, is het onbekend of en hoe een gewrichtsbloeding het synoviale fibrinolyti-
sche systeem in het gewricht beïnvloedt en of dit een rol speelt in het ontstaan van 
bloed-geïnduceerde gewrichtsschade. Hoofdstuk 6 onderzoekt de effecten van een 
gewrichtsbloeding op het synoviale fibrinolytische systeem in muizen. Dit hoofdstuk 
laat zien dat een gewrichtsbloeding het synoviale fibrinolytische systeem stimuleert 
wat leidt tot verhoogde synoviale concentraties van de belangrijkste eiwitten van het 
fibrinolytische systeem: urokinase-type plasminogen activator (uPA) en plasmine. 
Daarnaast laat dit hoofdstuk zien dat verhoogde plasmine concentraties schadelijk 
zijn voor het menselijk kraakbeen. Een gewrichtsbloeding leidt dus tot een toegeno-
men fibrinolytische activiteit waardoor het gewricht vatbaarder wordt voor vervolg 
bloedingen, en tot een toegenomen synoviale concentratie van plasmine dat direct 
gewrichtsschade geeft. 

In hoofdstuk 7 wordt er onderzocht of behandeling van een gewrichtsbloeding in 
muizen met tabletten amiloride (een selectieve remmer van uPA), of met directe 
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amiloride injecties in het gewricht, of met directe anti-plasmine (een selectieve 
remmer van plasmine) injecties in het gewricht, leidt tot minder gewrichtsschade als 
vergeleken met een controle middel. In deze studie is er geen voordeel in de behan-
deling van een gewrichtsbloeding met tabletten amiloride of directe amiloride injec-
ties in het gewricht in vergelijking met een controle middel. Echter, behandeling met 
anti-plasmine injecties in het gewricht resulteert in minder synoviale ontsteking en 
minder kraakbeenschade in muizen met een gewrichtsbloeding. Dit hoofdstuk laat 
zien dat directe anti-plasmine injecties in het gewricht een veelbelovende nieuwe 
behandeling kan zijn voor patiënten met een gewrichtsbloeding. Aanvullend onder-
zoek is nodig om te kunnen kijken of deze vorm van behandeling ook tot de 
gewenste resultaten in de mens leidt. 

Hoofdstuk 6 laat zien dat een gewrichtsbloeding leidt tot verhoogde synoviale 
plasmine concentraties en directe kraakbeenschade. Daarnaast is het bekend dat 
plasmine in staat is om ontstekingsreacties via interactie met PAR receptoren te 
beïnvloeden. Hoofdstuk 8 onderzoekt of een gewrichtsbloeding leidt tot veranderin-
gen in de aanwezigheid van individuele PAR receptoren in het synoviale weefsel en 
het kraakbeen Daarnaast onderzoekt hoofdstuk 8 of behandeling van een 
gewrichtsbloeding met een mix van selectieve remmers tegen PAR-1 tot en met 
PAR-4 schade aan het gewricht kan voorkomen. Dit hoofdstuk laat zien dat een 
gewrichtsbloeding in de muis resulteert in een toename van PAR-1, PAR-2, en 
PAR-4 in het synoviale weefsel en een toename van PAR-2 en PAR-3 in de chondro-
cyt. Daarnaast laat dit hoofdstuk zien dat patiënten met een eind stadium van 
bloed-geïnduceerde kraakbeenschade meer PAR-1 in het synoviale weefsel en 
meer PAR-4 in de chondrocyt hebben ten opzichte van gezonde personen. Behan-
deling van een gewrichtsbloeding in muizen met selectieve remmers tegen PAR-1 
tot en met PAR-4 resulteert in minder synoviale ontsteking en minder kraakbeen 
schade. Daarnaast remmen selectieve remmers tegen PAR-1 tot en met PAR-4 
plasmine- geïnduceerde schade in menselijk kraakbeen. Deze studie laat zien dat 
plasmine-geïnduceerde kraakbeenschade PAR-gemedieerd is en dat behandeling 
van een gewrichtsbloeding met selectieve PAR-1 tot en met PAR-4 remmers een 
veelbelovende nieuwe behandeling kan zijn voor patiënten met een gewrichtsbloe-
ding. Aanvullend onderzoek moet uitwijzen of deze vorm van behandeling ook 
toepasbaar en effectief is in de mens.

In hoofdstuk 9 is het onderzoek van dit proefschrift samengevat en bediscussieerd. 
Dit proefschrift maakt duidelijk dat zowel op het niveau van het synoviale weefsel als 
op het niveau van mononuclaire cellen in het synoviale vloeistof aanpassingen 
plaatsvinden na een gewrichtsbloeding ten einde de toegenomen hoeveelheid ijzer 
in balans te houden. Behandeling van een gewrichtsbloeding met deferasirox, een 
medicijn welke ijzer kan binden en verwijderen uit het lichaam, verminderd synoviale 
ijzerneerslagen in de vorm van hemosiderine in het gewricht en verminderd kraak-
beenschade. Een gewrichtsbloeding leidt tot toename van synoviale fibrinolytische 
activiteit en in plasmine-geinduceerde en PAR-gemedieerde kraakbeenschade. 
Remming van deze toegenomen synoviale fibrinolytische activiteit middels 
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anti-plasmine injecties in het gewricht of middels selectieve PAR1-4 remmers, 
verminderd bloed-geinduceerde gewrichtsschade. Aanvullend onderzoek moet 
aantonen of behandeling van een gewrichtsbloeding met deferasirox, anti-plasmine 
injecties of selectieve PAR1-4 remmers klinisch toepasbaar is en resulteert in het 
verminderen of voorkomen van bloed-geïnduceerde gewrichtsschade.
 
In hoofdstuk 10 is het onderzoek van dit proefschrift samengevat en bediscussi-
eerd. Dit proefschrift maakt duidelijk dat zowel op het niveau van het synoviale weef-
sel als op het niveau van mononuclaire cellen in het synoviale vloeistof aanpassin-
gen plaatsvinden na een gewrichtsbloeding ten einde de toegenomen hoeveelheid 
ijzer in balans te houden. Behandeling van een gewrichtsbloeding met deferasirox, 
een medicijn dat ijzer kan binden en verwijderen uit het lichaam, verminderd synovi-
ale ijzerneerslagen in de vorm van hemosiderine in het gewricht en verminderd 
kraakbeenschade. Een gewrichtsbloeding leidt tot toename van synoviale fibrinolyti-
sche activiteit en in plasmine-geïnduceerde en PAR-gemedieerde kraakbeen-
schade. Remming van deze toegenomen synoviale fibrinolytische activiteit middels 
anti-plasmine injecties in het gewricht of middels selectieve PAR1-4 remmers 
verminderd bloed-geïnduceerde gewrichtsschade. Aanvullend onderzoek moet 
aantonen of behandeling van een gewrichtsbloeding met deferasirox, anti-plasmine 
injecties of selectieve PAR1-4 remmers klinisch toepasbaar is en resulteert in het 
verminderen of voorkomen van bloed-geïnduceerde gewrichtsschade. 
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Supplementary figure 1. Gating strategy to identify subsets of monocytes in murine whole blood.
Flow cytometry assessment of mouse whole blood cell fraction. Whole blood cell fraction of hemophilic 
mice was stained with different mixtures of antibodies to identify subsets of monocytes (CD11b, CD115). 
Gating strategy: definition of live gate, eliminating debris (A); among the live cells the SSClow cells were 
selected (B); the CD11b+ and CD115+ population identifying monocytes was selected (C); the monocyte 
population was further analyzed for Ly-6C expression, dividing them into M1 or ‘inflammatory’ monocytes 
(CD11b+, CD115+, Ly-6C+) and M2 or ‘patrolling’ monocytes (CD11b+, CD115+, Ly-6C-) (D).
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Supplementary figure 2. Gating strategy to identify subsets of spleen red pulp macrophages and 
monocytes, respectively.
Total splenocytes from hemophilic mice were stained with different mixtures of antibodies to identify 
subsets of red pulp macrophages (CD19-, CD3-, CD11c-, CD11b-, F4/80+) and monocytes (CD3, CD19, 
CD11b, CD115). Gating strategy: definition of live gate, eliminating debris (A); among the live cells CD19- 
and CD3- cells were selected (B,C); the CD11c- CD11b+ and CD11c- CD11b- were selected, eliminating 
dendritic cells (D); the CD11c- CD11b- population was further analyzed for F4/80 expression to identify 
the red pulp macrophages (E,F); the red pulp macrophages were further analyzed for MHC1, MHC2, 
CD86, and CD163 expression, dividing them into M1 or ‘inflammatory’ macrophages (CD11c-, CD11b-, 
F4/80+, MHC1+, MHC2+, CD86+, CD163-) and M2 or ‘patrolling’ macrophages (CD11c-, CD11b-, 
F4/80+, MHC1-, MHC2-, CD86-, CD163+)(G); the CD11c- CD11b+ population was further analyzed for 
CD115 expression to identify monocytes (H,I); the monocyte population was further examined for Ly-6C 
expression, dividing them into M1 or ‘inflammatory’ monocytes (CD11c-, CD11b+, CD115+, Ly-6C+) and 
M2 or ‘patrolling’ monocytes (CD11c-, CD11b+, CD115+, Ly-6C-) (J).
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Supplementary figure 3. Gating strategy to identify subsets of synovial macrophages.
Synoviocytes from hemophilic mice were stained with different mixtures of antibodies to identify subsets 
of synovial macrophages (CD11b+, CD45+) Gating strategy: definition of live gate, eliminating debris (A); 
among the live cells CD11b+, CD45+ synovial macrophages were selected (B);  the CD11b+ CD45+ 
population was further analyzed for MHC1, MHC2, CD86, and CD163 expression, dividing them into M1 
or ‘inflammatory’ synovial macrophages (CD11b+, CD45+, MHC1+, MHC2+, CD86+, CD163-) and M2 or 
‘patrolling’ synovial macrophages (CD11b+, CD45+, MHC1-, MHC2-, CD86-, CD163+) (C).

Supplementary figure 4. Gating strategy to identify subsets of monocytes in joint lavage.
Total joint lavage cells from hemophilic mice were stained with different mixtures of antibodies to identify 
subsets of monocytes (CD11b+, CD115+) Gating strategy: definition of live gate, eliminating debris (A); 
among the live cells CD11b+, CD115+ monocytes were selected (B);  the CD11b+ CD115+ population 
was further analyzed for Ly-6C expression, dividing them into M1 or ‘inflammatory’ monocytes (CD11b+, 
CD115+, Ly-6C+) and M2 or ‘patrolling’ monocytes (CD11b+, CD115+, Ly-6C-) (C).
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Supplementary figure 5. Absence of expression of PAR1-4 in the synovial lining and in chondrocy-
tes in mice transfected with PAR1-4 siRNA
Following the induction of a joint bleed in the right knee joint, the right knee joints were twice a week for 
five weeks injected with either a 4µl solution consisting of siRNA PAR1-4 a 4µl solution without siRNA 
(control) with subsequent electroporation for optimal local RNA interference in the joint tissue. After five 
weeks of treatment, mice were sacrificed and the left and right knee joints were isolated, fixed, sectioned, 
and stained for PAR1 (S-19), PAR2 (C-17), PAR3 (H-103), and PAR4 (M-20). Synovial lining and chondro-
cyte expression was determined. Compared to the control group, a remarkably decrease in PAR1-4 
expression in the synovial lining cells (A) and in the chondrocytes (B) was observed.
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Supplementary figure 6. Absence of expression of PAR1-4 in chondrocytes in human cartilage 
transfected with PAR1-4 siRNA
Human cartilage cubes were transfected with a 200μl transfection solution consisting of PAR1-4 siRNA 
[600nM] or control siRNA [600nM] and subsequent electroporation for optimal local RNA interference. 
Sections were cut from cartilage cubes, stained for PAR1 (C-11), PAR2 (C-17), PAR3 (H-103), and PAR4 
(N-20), and PAR1-4 chondrocyte expression was determined. Compared to the control group, PAR1-4 
expression in chondrocytes was absent in the siRNA group (A). RNA was isolated from separate cartilage 
cubes and uses for RT-PCR analysis of PAR1-4 in chondrocytes. Compared to control, treatment with 
PAR1-4 siRNA resulted in complete absence of PAR1-4 expression at mRNA level in human cartilage (B). 
Equal amounts of total RNA were analyzed. β-actin mRNA served as a positive control for lane loading.
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