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Abstract

Inflammation and hemostasis are closely linked processes that influences 

each other. During chronic inflammatory diseases, such as asthma, an 

imbalance in the hemostasis occurs, which might cause an increased risk 

of coagulation disorders such as pulmonary embolism. In this review we 

describe the effect of asthma on the different aspects of the hemostasis. 

In patients with asthma, increased pro-coagulant activity is observed 

represented by increased levels of tissue factor and thrombin. Reduced 

fibrinolytic activity is also reported in asthma, with increased levels of 

plasminogen activator inhibitor type 1 causing increased inhibition of 

the fibrinolysis. Cytokines that are produced in asthma, and structural 

cells such as epithelial and endothelium cells, play an important role in 

these hemostatic processes. In addition, the inhibitory mechanisms of 

the hemostasis are impaired during chronic inflammation. Currently, 

there is no cure for asthma, only symptomatic treatment. But, treatment 

of asthma, in particular with oral corticosteroids, might further aggravate 

the hemostatic imbalance and causes an increased risk of coagulation 

disorders. Increased insight into the hemostatic mechanisms provide 

opportunities for new therapeutic targets for the treatment of asthma. 
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Introduction

In epidemiologic studies, asthma is associated with increased risk of pulmonary 

embolism (PE)1, in particular in patients with frequent asthma exacerbations2. It 

is likely that inflammation has an important contribution in the development 

of PE’s. Previous research demonstrated that inflammatory mechanisms can 

influence hemostasis3, 4. In patients with asthma, hemostasis is activated with 

increased pro-coagulant and reduced fibrinolytic activity5. This imbalance in 

the hemostasis might explain the increased risk of coagulation disorders in 

patients with asthma. 

Asthma is a chronic airway disease characterized by bronchial 

hyperreactivity, airway obstruction, microvascular leakage, and marked 

inflammatory cell infiltrate. The inflammation pattern in asthma involves 

increased numbers of activated eosinophils, neutrophils, mast cells and CD4+ 

lymphocytes which release mediators that contribute to asthma symptoms6. 

Activation of these inflammatory cells lead to IgE production and the release 

of many cytokines7, 8. Pro-inflammatory cytokines , such as TNF-α, interleukin 

(IL)-1 and IL-6, play a crucial mediatory role in the activation of coagulation 

and fibrinolysis9, 10. IL-6 is able to activate endothelial cells to increase tissue 

factor (TF) expression on the endothelium, to enhance platelet activation, 

and to stimulate the production of coagulation factors such as fibrinogen 

and factor VIII11. Eosinophils are also able to express coagulant factors12, 13 and 

neutrophils, upon activation, release neutrophil extracellular traps that not 

only capture bacteria but also induce pro-coagulant responses14. In addition, 

C-reactive protein, that is highly expressed during inflammation, can induce a 

pro-coagulant state by stimulating several hemostatic factors such as TF and 

plasminogen activator inhibitor type 1 (PAI-1)3, 15. Furthermore, after allergen 

challenge or during asthma exacerbation, leakage of plasma proteins, such 

as albumin, α2-macroglobulin and fibrin cause pro-inflammatory effects and 

are able to activate the coagulation and complement system16-18. The effects of 

inflammation in asthma on the hemostasis are shown in figure 1. Alternatively, 

coagulation also causes activation of inflammation. Activation of the 

coagulation cascade leads to a potent pro-inflammatory response since many 

hemostatic mediators, such as thrombin, fibrin, and factor Xa are capable of 

stimulating mononuclear and endothelial cells that induce pro-inflammatory 

cytokines such as IL-6 and IL-84. So in normal airways the hemostatic balance 

36188 Sneeboer, Marlous.indd   19 27-06-16   16:22



Chapter 2

20

is anti-coagulant and favors fibrinolysis19. But in chronic inflammatory diseases, 

such as asthma, an imbalance in the coagulation cascade occurs, with a shift 

towards a pro-coagulant state. 

In this review we will focus on the effect of asthma on coagulation and 

fibrinolysis and vice versa, since the imbalance of the hemostasis might 

cause an increased risk of coagulation disorders in patients with asthma. 

Furthermore, increased insight into the hemostatic mechanisms provide 

opportunities for new therapeutic targets for the treatment of asthma. First, we 

describe the effect of asthma airway inflammation on the coagulation cascade 

and vice versa, followed by the role of structural cells and the role of platelets 

in coagulation and asthma. Second, we discuss the effect of fibrinolysis and 

inhibitory mechanisms in asthma. Finally, we focus on the role of asthma 

treatment and hemostasis.

Figure 1 The effects of inflammation in asthma on hemostasis. 

In the epithelium of patients with asthma pro-inflammatory cytokines, such as interleukin (IL)-3, IL-4, IL-5, 
IL-6, IL-8, IL-9 and IL-13 and TNF-α, and C-reactive protein (CRP) are produced that influences activation of 
coagulation factors, such as von Willebrand factor (vWF) and tissue factor (TF). Other coagulation factors, 
such as thrombin, causes degradation of tight junctions which results in plasma leakage causing increased 
fibrin deposition. Furthermore, protease activated receptors (PARs) stimulate mast cells and B cell causing 
IgE production. 
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Coagulation cascade and asthma

Initiation of the coagulation cascade starts with the expression of tissue factor 

(TF), which plays an important role in airway diseases. TF is a transmembrane 

glycoprotein that binds and activates clotting factor VII, thereby generating 

VIIa to start the coagulation cascade. TF forms a complex with factor VIIa 

and together it catalyzes the conversion of factor X to Xa. Factor Xa converts 

prothrombin, with help of factor Va, to generate thrombin20, 21. TF becomes 

exposed on the surface of mononuclear cells and endothelial cells when they 

are stimulated by bacteria, allergens or pro-inflammatory cytokines or at sites 

of vascular injury or disruption of the endothelium. It is shown that blood 

eosinophils express TF, that becomes exposed upon cell-specific stimulation12. 

In patients with severe asthma, higher levels of soluble TF have been found 

in induced sputum compared to patients with moderate asthma and healthy 

controls. These increased TF levels correlated with the amount of eosinophils22. 

Furthermore, IL-6 and IL-8 are capable of surface expression of TF23. Another 

study showed that intrabronchial challenge with house dust mite allergen 

leads to increased levels of soluble TF in bronchoalveolar lavage (BAL) fluid 

in patients with mild allergic asthma24. TF are able to activate platelets, which 

form a plug at the site of injury causing a prothrombotic state. A potential 

source of the elevated levels of soluble TF comes from microparticles in the 

blood which can promote the thrombus formation25. Microparticles are cell-

derived membrane vesicles that can be released from the plasma membrane 

of almost all cells types via shedding14. They play an important role in cell-

cell communication during inflammation, antigen presentation, and transfer 

of signaling components26. Microparticles can also release pro-inflammatory 

mediators and chemokines and activate complement and leukocytes27. So far, 

the role of microparticles in asthma is unknown. 

The expression of TF activates the coagulation cascade which results in 

the formation of prothrombin into thrombin, which has also been shown to 

contribute to the inflammatory process and the pathogenesis of asthma28. 

Thrombin is a trypsin-like serine protease that plays an important role in the 

hemostasis where thrombin recruits platelets and generates fibrin. Thrombin 

can also activate the complement pathway by activating C3 and C529. Several 

studies have found that in asthmatic patients the amount of thrombin 

and thrombin-antithrombin complexes (TATc) are increased in sputum as 

36188 Sneeboer, Marlous.indd   21 27-06-16   16:22



Chapter 2

22

compared to healthy controls22, 30, 31. After allergen challenge thrombin activity 

levels are increased in BAL fluids32. Sputum TATc correlates with the percentage 

of eosinophils in sputum30. In addition, the concentrations of thrombin and 

TATc in the sputum correlates with the degree of bronchial responsiveness30. 

Terada et al. also showed an association between increased thrombin activity 

and allergic airway inflammation32. An schematic overview of the coagulation 

is given in figure 2. In summary, these results suggest that initiation of the 

coagulation plays a role in the pathophysiology of asthma. 

Figure 2 Systematic overview of the coagulation, fibrinolysis and inhibitory mechanisms in patients 
with asthma

Tissue factor (TF) becomes expressed when endothelial cells are stimulated by bacteria or pro-inflammatory 
cytokines, via microparticles, or by injury. Via the conversion of factor VII (FVII) and factor X  (FX), 
prothrombin is converted into thrombin. Thrombin causes the recruitment of platelets and activation of 
the complement pathway. Platelets form the blood clot which is further strengthened by von Willebrand 
factor (vWF). Thrombin also cleaves fibrinogen to generate fibrin. Fibrin is the end product of the coagulation 
cascade. During the fibrinolysis, fibrin is cleaved by plasmin into D-dimer and fibrin degradation products 
(FDP). Thrombin activatable fibrinolysis inhibitor (TAFI) is able to degrade fibrin. Plasmin is formed from 
plasminogen by urokinase-type plasminogen activator (uPA) and tissue-type plasminogen activator (tPA). 
Plasminogen activator inhibitor type 1 (PAI-1) is able to inhibit this formation. PAI-1 also inhibits the matrix 
metalloproteinase (MMP) system. Furthermore, antiplasmin causes inhibition of plasmin. There are three 
major anti-coagulant pathways. First, tissue factor pathway inhibitor (TFPI) inhibits FVIIa and FXa. Second, 
antithrombin neutralizes thrombin, FXa and FVIIa that is bound to TF. Third, protein C is activated when 
thrombin binds to thrombomodulin, which becomes more efficient when protein C is bound to endothelial 
cell protein receptor (EPCR). When activated protein C (APC) is bound to ECPR is has anti-inflammatory 
properties but when APC dissociates it functions as an anti-coagulant and together with protein S inactivates 
factor V and factor VIII.
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Structural cells in coagulation and asthma 

Structural cells of the airways contribute to the inflammation that influences 

hemostasis. Epithelial cells and endothelial cells produce inflammatory 

mediators and contribute to the persistence of inflammation in asthma6. It 

has been shown that alveolar epithelium can initiate coagulation through up-

regulation of TF in response of an inflammatory stimuli33. Furthermore, vascular 

endothelial cells play an important role in the inflammation induced activation 

of the coagulation. Endothelial cells are able to respond to cytokines that are 

expressed by activated leukocytes. Endothelial cells also release cytokines, 

express adhesion molecules and growth factors that further enhance the 

inflammation contributing to an imbalance of coagulation10. In addition, 

increased levels of thrombin in asthmatic patients causes abnormal production 

of mucin by bronchial epithelial cells28 and stimulates the proliferation of 

smooth muscle cells34.  Thrombin is also able to alter vascular permeability35. 

In patients with allergic asthma, allergens, such as house dust mites, are able 

to interrupt the airway epithelial and endothelial cell lining by degradation 

of tight junctions36. In this way contact between plasma and TF is facilitated. 

Allergens may also mimic toll-like receptors to enhance inflammatory signals37. 

Disruption of the tight junctions leads to tissue injury in the lungs. Upon lung 

injury epithelial cells together with protease activated receptors (PARs) are able 

to activate platelets, leukocytes and chemokines that contributes to the lung 

injury13. PARs belong to a family of G-protein coupled receptors that can be 

activated by serine proteases via proteolytic cleavage. There are four members: 

PAR-1, PAR-2, PAR-3 and PAR-4, which are widely expressed on almost all cells 

involved in asthma: epithelial cells, endothelial cells, mast cells, eosinophils, 

neutrophils, lymphocytes, smooth muscle cells, fibroblasts, and platelets38. PARs 

play an important role in the crosstalk between coagulation and inflammation. 

The TF pathway signals through activation of PAR-1 and -239, thrombin signals 

through PAR-1, -3 and -438, coagulation factors VIIa and Xa signals through 

PAR-1 and -240, while eosinophils express PAR-2 and -338, mast cells express 

PAR-238, airway smooth muscle express PAR-2, -3 and -441, 42, and airway 

epithelium expresses PAR-1, -2 and -443. Activation of PARs induces additional 

pro-inflammatory cytokines such as IL-6 and IL-835, and IgE production43 that 

contribute to the asthma pathogenesis. In asthma increased expression of 

PAR-2 has been found on airway epithelial cells41. A mice study has shown 
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that PAR-2 is activated in the airways upon allergen challenge and that PAR-2 

increased eosinophils and airway hyperresponsiveness44. Activation of PAR-2 in 

airway smooth muscle cells resulted in intracellular Ca++ response that causes 

bronchial contraction resulting in an increased response to methacholine and 

histamine42. Together, these results show that structural cells are essential in 

the interaction between airway inflammation and coagulation. 

Platelets

Platelets also play an important role in inflammatory responses. Platelets are 

small anucleated fragments of megakaryocyte precursors and form the cellular 

components of a blood clot. They are able to interact with several cells such as 

leukocytes and endothelial cells45. Platelets contribute to the recruitment and 

adhesion of eosinophils in patients with asthma via P-selectin46, 47. Increased 

activation of platelets has been observed in allergic diseases48. Platelets are 

able to express both high- and low-affinity receptors for human IgE. During 

an allergic reaction, platelets become activated and release pro-inflammatory 

and pro-coagulant mediators such as beta-thromboglobulin (b-TG) and 

platelet factor 4 (PF4) that contribute to the inflammation. Some of these 

components are associated with airway remodelling49. During coagulation 

platelets can be directly activated by thrombin, platelet activator factor (PAF) 

or pro-inflammatory mediators, such as IL-645, 50. In patients with asthma 

increased levels of b-TG and PF4 have been observed demonstrating increased 

platelet activity50-52. Moreover, increased platelet-leukocytes aggregates have 

been found after allergen challenge53, 54. While depletion of platelets has been 

associated with airway remodelling55. It has also been shown that thrombin 

is able to stimulate the expression of platelet derived growth factor (PDGF) 

via PAR-1 in alveolar and bronchial epithelial cells56. In addition, when the cell 

lining in the lung becomes damaged the underlying collagen gets exposed 

and platelets are then capable of binding to the collagen. This adhesion is 

further strengthened by von Willebrand factor (vWF)57. vWF is an acute phase 

glycoprotein that is released into the circulation upon injury and strengthens 

the blood clot. It also serves as carrier for factor VIII58. Several pro-inflammatory 

mediators, such as TNF-α and IL-6, causes the release of vWF from endothelium 

or platelets3. In children with asthma attack vWF levels were found to be 
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increased59. Overall, these results indicate that platelets play an important role 

in atopic asthma, airway hyperresponsiveness and airway inflammation.

Fibrinolysis

Several studies have shown that impaired functioning of the fibrinolysis is also 

associated with asthma. At the end of the coagulation cascade, fibrin is generated 

after cleavage of fibrinogen which is facilitated by thrombin. Fibrinogen is an 

acute phase reactant and increases during inflammatory situations60. Fibrin 

marks the start of the fibrinolysis, in which fibrin is cleaved by plasmin into fibrin 

degradation products (FDP) and D-dimer. Fibrin and fibrinogen can directly 

influence the production of pro-inflammatory cytokines and chemokines, such 

as IL-6 and IL-84. In the airways of patients with asthma increased levels of fibrin 

has been observed. Patients with severe asthma had increased levels of FDP 

in sputum22 and blood61 and FDP correlated with sputum eosinophils count22. 

Fibrin disposition in the airways has been associated with increased airway 

hyperresponsiveness62. Furthermore, fibrinogen in the airways stimulates 

cytokine expression by macrophages which enhances the recruitment of other 

immune cells contributing to inflammation63. D-dimer levels were also found 

to be higher in patients with asthma compared to controls64. These results 

shown that there is impaired fibrinolysis is patients with asthma. 

In addition, the plasminogen activator system has also been implicated in 

asthma pathophysiology. This system causes the formation of plasmin from 

plasminogen by tissue-type plasminogen activator (tPA), and urokinase-type 

plasminogen activator (uPA), which are both serine proteases. Antiplasmin 

causes inhibition of plasmin but the main inhibitor of the plasminogen activator 

system is plasminogen activator inhibitor type 1 (PAI-1) which is a member of 

the serine protease inhibitor family. When inflammation induces coagulation, 

high levels of PAI-1 has been found indicating impaired inhibition of the 

fibrinolysis65. Increased levels of PAI-1 promote extracellular matrix deposition 

(ECM) in the airways of a murine model of chronic asthma66. PAI-1 also causes 

inhibition of the matrix metalloproteinases (MMP) system67, 68. The MMP system 

contains enzymes that contribute to extracellular matrix modelling and 

degradation. Upon allergen challenge increased levels of MMP-2 and -9 has 

been observed and this is associated with infiltration of inflammatory cells and 
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airway remodelling8. Furthermore, several cells types that are present in the 

asthmatic airways, such as bronchial epithelial cells, macrophages, and mast 

cells have the ability to produce PAI-1, tPA, and uPA69, 70. Inflammatory cytokines 

such as IL-1, IL-6 and TNF-α are capable of altering the expression of plasmin 

system components such as PAI-1 gene transcription67, 71. In the sputum of 

patients with asthma increased levels of PAI-1 and uPA have been found22, 72, 

73 and increased levels of t-PA in blood61. Upon allergen challenge increased 

levels of PAI-1 were detected in blood of allergic asthmatics74 and increased 

PAI-1 levels were found in sputum of asthmatics during common colds70, 75. 

Increased PAI-1 levels in asthmatics have been associated with significantly 

lower lung function76. Further evidence of a role of PAI-1 in the pathogenesis 

of asthma comes from epidemiologic studies. The 4G/5G polymorphism in the 

PAI-1 promoter region is associated with the risk and severity of asthma77, 78. This 

polymorphism regulates the amount of PAI-1 that is released upon exposure to 

allergens. The 4G allele of the polymorphism is associated with lower baseline 

lung function and increased bronchial reactivity to histamine78. An schematic 

overview of the fibrinolysis is given in figure 2. Altogether, these data suggest 

that malfunctioning of the fibrinolysis contributes to asthma pathophysiology. 

Inhibitory mechanisms 

During inflammation, the natural anti-coagulant pathways are impaired by 

inflammatory cytokines and activated neutrophils79, 80. There are three major 

anti-coagulant pathways: tissue factor pathway inhibitor (TFPI), antithrombin 

and protein C (PC) system. TFPI is a serine protease inhibitor that is secreted 

by endothelial cells and inhibits coagulation by inactivating factor VIIa that 

is bound to TF, and prevents activation of factor X to Xa10, 81. Furthermore, 

antithrombin is a serine protease inhibitor that neutralises thrombin, factor 

IXa, factor Xa and factor VIIa that is bound to TF4. Besides the coagulation 

cascade, antithrombin also inhibits cellular signalling3 and has direct anti-

inflammatory activity81. The main inhibitor of the coagulation pathway is the 

PC system. Protein C is a vitamin-K dependent zymogen to an anti-coagulant 

protease82. This system is triggered when thrombin binds to thrombomodulin 

which is a membrane bound glycoprotein. The thrombin-thrombomodulin 

complex activates protein C directly or more efficiently when it is bound to 
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endothelial cell protein receptor (ECPR). When activated protein C (APC) is 

bound to ECPR it has anti-inflammatory effects but when APC dissociates 

from ECPR, it functions as anti-coagulant29. Several studies found that in 

patients with asthma the PC system is impaired. In sputum of asthmatic 

patients lower levels of protein C31, 83 and increased levels of thrombomodulin 

has been reported83. Under normal conditions, protein C and APC inhibit the 

migration of eosinophils towards chemo-attractants via ECPRs84. Inhalation 

of APC in a mouse model showed inhibition of eosinophilic inflammation, 

reduced Th2 cytokine expression,  inhibition of airway hyperresponsiveness 

and suppression of coagulation activity85. However, inhalation of recombinant 

human APC amplified both pro-coagulant and pro-inflammatory effects in 

LPS challenged lung segments in humans, as compared to the contralateral 

‘control’ lung segments with saline inhalation86. Moreover, it has been shown 

that pro-inflammatory cytokines such as TNF-α and IL-1 causes a significant 

down-regulation of thrombomodulin and protein C87, 88. Furthermore, APC is 

able to bind to protein S. Together, APC and protein S can degrade coagulation 

factors such as factor Va and VIIIa89. APC also plays a role in the protection of 

the endothelial barriers via PAR-190. The thrombin-thrombomodulin complex 

is also a potent activator of thrombin activatable fibrinolysis inhibitor (TAFI), 

that inhibits fibrinolysis by cleaving the lysine residues of degraded fibrin and 

leads to reduction of plasmin generation91. In addition, to its anti-fibrinolytic 

properties, TAFI is a very effective inhibitor of C3a and C5a of the complement 

cascade4. Increased levels of C3a and C5a has been found in asthma92. Activation 

of complement, mainly C5a, in neutrophils can up-regulate TF expression93. A 

mouse model of LPS induced acute lung injury showed that exogenous protein 

S can prevent the increase of pro-inflammatory cytokines94. Thrombomodulin 

has been shown to inhibit allergic bronchial asthma by the introduction of 

tolerogenic dendritic cells95. In addition, during inflammation protein S is 

expressed in lower levels. Decreased levels of protein S are caused by binding 

of protein S with complement regulatory protein C4b binding protein (C4bBP) 

that is released during the acute phase reaction in inflammatory diseases96. 

Moreover, after allergen challenge the APC/thrombin and APC/PC ratios were 

decreased in sputum of patients with asthma24, 83. An schematic overview of 

the inhibitory mechanisms is given in figure 2. In summary, impairment of the 

natural inhibitory mechanisms plays an important role in the pathogenesis of 

asthma. 
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Treatment of asthma 

Several studies have reported that the use of corticosteroids is associated 

with an increased risk of coagulation disorders. Currently, there is no cure 

for asthma, only symptomatic treatment. Corticosteroids, both inhaled 

and oral, are the mainstay of asthma treatment. But the use of, mainly oral, 

corticosteroids is likely to have an additional effect on hemostasis97 besides the 

already increased pro-coagulant and reduced fibrinolytic activity in patients 

with asthma. The use of corticosteroids has been linked with an increased 

risk of venous thromboembolism (VTE) and pulmonary embolism (PE). In a 

population-based case-control study the use of oral corticosteroids has been 

associated with a more than twofold increased risk for VTE, with a higher risk for 

new users. For the use of inhaled corticosteroids, only new use was associated 

with an increased risk of VTE98. In addition, a dose-response relationship was 

seen, with a twofold increased risk of PE for low dose of oral corticosteroids 

(prednisolone<5mg) and an almost 10-fold increased risk of PE for the 

highest dose (prednisolone>30mg)99. Several studies have shown effects of 

the use of corticosteroids on hemostatic factors. Corticosteroids are able to 

inhibit cytokines that play a role in chronic inflammation, and it also leads 

to reduced expression of adhesion molecules. Furthermore, corticosteroids 

have an inhibitory effect on plasma exudation and they reduce the survival of 

eosinophils100. High doses of dexamethasone caused an increase in vWF levels, 

suggesting increased endothelium activation101. The use of dexamethasone in 

healthy male volunteers lead to significant increases in factors VII, VIII, and XI 

and increased fibrinogen102. Patients with moderate asthma that were treated 

with inhaled corticosteroids tended to have increased TF and PAI-1 levels, 

and reduced fibrinogen and plasminogen, although these results were not 

significant22. Together, these results indicate that the use of corticosteroids have 

an effect on hemostatic factors, which potentially contributes to an increased 

risk of coagulation disorders. 
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Conclusion

To conclude, in patients with asthma structural cells of the airways contribute 

to persistence of airway inflammation, and together with plasma leakage, this 

leads to increased expression of coagulation factors such as TF and thrombin. 

Platelets also contribute to the asthma pathophysiology. Furthermore, 

malfunctioning of the fibrinolysis leads to increased PAI-1 levels, and impairment 

of the natural inhibitory mechanisms also enhances airway inflammation 

in asthma. So, in patients with asthma the hemostatic balance is disturbed 

towards increased pro-coagulant activity and reduced fibrinolytic activity. This 

imbalance might explain the increased risk of coagulation disorders such as PE. 

Moreover, the disturbed hemostatic balance may be further aggravated by the 

use of corticosteroids, in particular by oral corticosteroids. Increased insight 

into the interaction between hemostasis and asthma provide opportunities for 

the identification of new therapeutic targets for the treatment of asthma, in 

particular for patients with severe, refractory disease. 
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