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  ASTHMA AND COAGuLATION

Asthma is a chronic airway disease characterized by paroxysmal airflow ob struction evoked by 

irritative stimuli on a background of allergic lung inflamma tion. Currently, there is no cure for 

asthma, only symptomatic treatment. In recent years, our understanding of the involvement 

of coagulation and anti-coagulant pathways, the fibrinolytic sys tem, and platelets in the 

pathophysiology of asthma has increased considerably. Asthma is associated with a procoagu-

lant state in the bronchoalveolar space, further aggravated by impaired local activities of the 

anticoagulant protein C system and fibri nolysis. Protease-activated receptors have been impli-

cated as the molecular link be tween coagulation and allergic inflamma tion in asthma. This 

review summarizes current knowledge of the impact of the dis turbed hemostatic balance in 

the lungs on asthma severity and manifestations and identifies new possible targets for asthma 

treatment. 

 

Introduction 

Asthma is a disease of chronic airway inflammation causing symptoms of paroxysmal airflow 

obstruction, airway hyper responsiveness to irritative stimuli, wheezing, chest tightness, and 

coughing.1 These symptoms occur against a background of allergic inflammation, character-

ized by infiltration of mast cells, eosino phils, and T-helper 2 (Th2) lymphocytes into the airway 

wall and mucus hypersecretion. Many patients with chronic asthma show progressive decline 

of lung function that is thought to be the result of structural remodeling of the airway wall2 and 

have frequent exacerbations and steroid resistance,3 posing a major clinical challenge and 

health problem.4 New therapeutic approaches need to be developed targeting the inflammatory 

background that triggers asthma symptoms.5 

Historically, coagulation and fibrinolysis have been considered as processes that take place in 

the vascular compartment. It is now appreciated that the airways represent a body compart-

ment in which coagulation and anticoagulant mechanisms can be initiated and regulated lo-

cally.6 In addition to the activation of coagulation in lung inflammatory disorders that is 

probably induced by leakage of plasma proteins into the bronchoalveolar space, essential 

mediators of coagulation can be found locally in the lung, including tissue factor (TF) that ini-

tiates coagulation and thrombin, which transforms fibrinogen to fibrin.7 Several diseases as-

sociated with abundant lung inflammation, including acute respiratory distress syndrome, 

pneumonia, and lung fibrosis,6,8 have been shown to result in similar changes in bronchoalveo-

lar levels of proteins implicated in coagulation and fibrinolysis, tipping the physiologic equi-

librium of preventing fibrin clot formation toward a net procoagulant state. In particular, for 

asthma this disturbed hemo static balance in the airways is of importance for the perpetuation 

of allergic inflammation (Figure 1) in which cytokines and protease-activated receptors (PARs) 

play an important role. In addition, platelets have been found to actively participate in many 

manifestations of asthma. This review summarizes current knowl edge of the role of coagula-

tion and anticoagulant pathways in the pathophysiology of asthma. 

Activation of coagulation in patients with asthma 

Fibrin is the end product of coagulation and is generated after cleavage of fibrinogen by 

thrombin.7 Although fibrin is typically formed at sites of vascular injury, it can also be gener-

ated in the pulmonary compartment, wherein fibrin production is necessary for normal airway 

epithelial repair after epithelial damage.9 Severe asthma can be associated with exaggerated 

intra-alveolar fibrin production, as demonstrated by massive fibrin depositions in the alveoli 

and distal airways of an asthma patient who died from a severe asthma attack that did not re-

spond to treatment.10 Elevated concentrations of thrombin and thrombin–anti-thrombin 

com plexes have been detected in sputum of patients with asthma11,12 as well as in bronchoalveo-

lar lavage (BAL) fluid after allergen challenge,13,14 further supporting the existence of local co-

agulation activation in asthma. Thrombin activity in BAL fluid induced by segmental allergen 

provocation correlated with the degree of airway inflammation.14 Mast cells have been impli-

cated as regula tors of fibrin metabolism in asthma: on allergen challenge, mast cells release 

tryptase, which can cleave the α-and ß-chain of fibrinogen, thereby removing the thrombin 

cleavage site and inhibiting fibrin generation by thrombin.15 Mast cells are also essential for the 

release of cytokines, heparin, and histamine, which may induce plasma leakage. The relevance 

of mast cells for lung coagulation in vivo warrants further research. 

TF is considered the main initiator of coagulation. TF is a 47-kDa transmembrane glycoprotein 

that binds and activates clotting factor VII (FVII), generating FVIIa. Blood is not exposed to 

active TF under physiologic conditions. TF becomes exposed on the surface of mononuclear, 

epithelial, and endothelial cells on stimulation by bacterial and/or environmental products, 

such as lipopolysaccharide or proinflammatory cytokines or is activated from the circulating 

microvesicular form during inflammatory conditions. Alternatively, TF located at extravascu-

lar sites can become exposed to blood at sites of endothelial disruption. In the lung, alveolar 

epithelium exposes high TF levels, preventing bleeding of the fragile lung tissue.16 Patients 

with severe asthma demonstrated increased soluble TF levels in induced sputum compared 

with those with moderate asthma and healthy controls that was significantly and positively 

correlated with the amount of eosinophils.17 In addition, intrabronchial allergen challenge 

leads to increased soluble TF levels in BAL fluids of patients with mild asthma.14 The cellular 

source of this soluble TF and whether it is captured in microvesicles have not been studied thus 

far. Not only alveolar epithelium and macrophages may contribute to the pool of pulmonary 

TF, as eosinophils, the main inflammatory cells in asthma, may provide an additional source 

of intrapulmonary TF.18 Targeting the extracellular domain of TF with specific antibodies sup-

pressed the initial phase of the eosinophil passage across activated endothelium in vitro. This 

indicates a function for TF, either directly or indirectly via thrombin generation, in transendo-
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thelial migration of eosinophils to the site of allergic inflamma tion.18 Of note, the expression 

of TF by eosinophils is not undisputed: other investigators could not confirm the presence of 

TF in preparations of isolated eosinophils.19 Perhaps slight differ ences in eosinophil activation 

states could have caused these different results. Allergens derived from house dust mite, espe-

cially the major house dust mite allergen Der p1, are capable of degrading tight junctions re-

sulting in interruption of the airway epithelial cell lining and underlying endothelial cell 

lining, thereby facilitating contact between TF and plasma.20 The house dust mite allergen Der 

p2 functionally mimics MD-2, the direct lipopolysaccharide recep tor in the MD-2 TLR-4 li-

popolysaccharide signaling complex. This interaction may further contribute to inflammatory 

signals that might lead to increased TF expression and access to FVII and other plasma compo-

nents after exposure to house dust mite antigens.21 In summary, patients with asthma show evi-

dence of up-regulation of pulmonary coagulation via an increase in TF activity. Although 

limited activation of coagulation can assist in epithelial repair, pulmonary coagulation result-

ing from a crosstalk between epithe lial, endothelial, and inflammatory cells can have a major 

impact on asthma pathophysiology, as indicated by experimental models of allergic in flam-

ma tion discussed above. 

Experimental evidence that coagulation contributes  

to asthma pathophysiology 

The significance of increased coagulation activation in the lungs for the pathophysiology of 

asthma has been demonstrated in mouse studies. Exposure of mice to aerosolized fibrinogen 

followed by thrombin (which is expected to result in fibrin generation) caused increased air-

way hyper-responsiveness; thrombin or aerosolized fibrinogen alone was not sufficient to in-

crease airway hyper responsiveness to methacholine.10 Together, these data clearly indicate 

that elevated fibrin concentrations in the airways can produce a lung function disorder char-

acteristic for asthma. 

Interventions targeting specific components of the coagulation system have been studied in 

the classic mouse model of allergic lung inflammation induced by ovalbumin challenge via 

the airways after prior sensitization (Figure 2). This model induces a clinical syndrome that at 

least in part resembles allergic asthma, character ized by eosinophilic lung inflammation, air-

2

Figure 1. Interaction between coagulation and aller gic inflammation in asthma. Coagulation is activated in the air-

ways of patients with asthma by leak of clotting factors and TF expressed on various cell types, including alveolar epithelium, 

macrophages, and eosinophils. Fibrin deposition is further facilitated by decreased activ ity of the anticoagulant protein C 

system and inhibition of fibrinolysis by enhanced production of PAI-1. Allergens are responsible for an inflammatory response 

in the lungs, which is aggravated by proinflammatory effects of platelets and decreased cytoprotective effects of the PC 

system. PARs play an important role as the molecular link between coagulation and inflammation; these receptors are acti-

vated by proteases expressed by either allergens or factors involved the regulation of coagulation. 

Figure 2. Activation of bronchoalveolar coagulation in asthma with interventions examined in the murine ovalbu-

min allergic lung inflammation model. Plasma (containing clotting factors, such as FVII and FX) leaks from lung capillaries 

as a consequence of the inflamma tory response. TF expression on epithelial cells, eosino phils, and macrophages initiates 

intra-alveolar coagula tion by activation of FVII (which can also be produced by epithelial cells). Interventions with the anti-

coagulants fondaparinux (FXa inhibitor) and hirudin (thrombin inhibi tor) and the plasminogen activators tPA and uPA im-

prove the disturbed pulmonary hemostatic balance and concur rently diminish allergic inflammation and asthma parame ters 

in experimental settings.
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way hyper-responsiv enss, increased immune globulin E (IgE) levels, mucus hypersecre tion, 

and eventually airway remodeling.22 Moreover, the similarity between the coagulation systems 

of mice and humans is consider able,23 making the mouse an attractive animal for studies on 

asthma and coagulation. Genetically modified FVIItTA/tTA mice with a very low expression of FVII 

demonstrated reduced coagulation activa tion in their lungs on ovalbumin challenge.24 

Normal wild-type mice exposed to allergen showed increased FVII mRNA levels in whole lung 

homogenates and increased expression of FVII protein in bronchial epithelial cells, which was 

virtually absent in FVIItTA/ tTA mice. Importantly, FVIItTA/tTA mice displayed a diminished influx of 

eosinophils into BAL fluid, together with lower levels of the chemoattractant eotaxin and the 

Th2 cytokines IL-4, IL-5, and IL-13. In addition, airway hyper-responsiveness and mucus layer 

thickness were reduced in allergen-challenged FVIItTA/tTA mice.24 FVIIa itself did not induce mucin 

production by human respiratory epithelial cells in vitro; however, addition of exogenous FX 

resulted in FXa production in these cell cultures, indicating the presence of functional TF/

FVIIa, as well as enhanced mucin production.24 Addition of FXa to respiratory epithelial cells 

also induced mucin production.25 Together, these data suggest that TF/FVIIa mediated its effect 

on allergic lung inflammation at least in part indirectly, via its role in the formation of FXa. In 

accordance with this hypothesis, FXa activity was found increased in BAL fluid of mice chal-

lenged with ovalbumin during 16 weeks (a model of chronic allergic lung inflammation asso-

ciated with airway remodeling), concurrent with elevated FX mRNA levels in whole lung 

homogenates and alveolar macrophages.25 Treatment of mice with the FXa inhibitor fonda-

parinux during the last 3 weeks of allergen challenges resulted in attenuation of airway 

hyper responsiveness without altering infiltration of inflammatory cells into the lung and de-

creased the thickness of the mucosal layer and lung collagen deposition.25 The results of these 

studies introduce a novel partici pant in the asthmatic response, indicating that coagula tion 

plays an important role in experimentally induced allergic lung inflammation and that FXa/

thrombin functions in airway remodel ing by stimulating mucin and collagen deposition. 

Thrombin has been implicated in asthma pathophysiology by both in vivo and in vitro stud-

ies. Administration of the thrombin inhibitor PEG-hirudin decreased airway hyper-respon-

siveness to methacholine of mice with acute allergic lung inflammation.10 Thrombin can 

mediate proinflammatory effects on a cellular level via cleavage of protease-activated receptor 

1 (PAR1).26 Thrombin stimulated mucin secretion by primary human bronchial epithelial cells; 

this effect could be mimicked by specific stimulation of PAR1.27 In accordance with these in 

vitro observations, intranasally instilled thrombin-induced secretion of mucosubstance in 

nasal epithelium of rats, mediated by PAR1.27 Relevant for asthma, thrombin-PAR1 stimulation 

causes smooth muscle cell prolifera tion in vitro by stimulating platelet-derived-growth factor 

produc tion28 and can induce connective tissue growth factor in fibro blasts,28 which is consid-

ered to contribute to development of fibrosis. In accordance, incubation of BAL fluid harvested 

from patients with atopic asthma challenged with allergen in a lung segment induced prolifera-

tion of fibroblasts in vitro, which could be inhibited by hirudin.29 In addition, thrombin can 

increase the bronchial tone in human bronchial rings.30 

In summary, coagulation proteins, predominantly FXa and thrombin, can contribute to al-

lergic inflammation by downstream production of fibrin or by effects outside their role in he-

mostasis. Good examples of the latter are the increase of mucin production caused by FXa and 

the activation of PAR1 on endothelial and epithelial cells by thrombin. Administration of co-

agulation factors can reproduce pathophysiologic alterations characteristic of asthma in ani-

mals in vivo and in relevant in vitro systems; conversely, inhibition of coagulation attenuates 

functional, immunologic, and morphologic features of allergic lung inflammation in mice 

elicited by ovalbumin sensitization and challenge.

Anticoagulant pathways: the PC system in asthma 

The protein C (PC) anticoagulant system has been implicated in asthma pathophysiology.31 

This pathway is initiated when thrombin binds to thrombomodulin on the cell surface, form-

ing the thrombo modulin/thrombin complex that converts PC to activated PC (APC). 

Thrombomodulin/thrombin-dependent activation of PC is augmented by the endothelial PC 

receptor (EPCR). The biologic effects of APC can be divided in anticoagulant and cytoprotec-

tive effects,31 which include alteration in gene expression, anti inflammatory and antiapoptotic 

effects, and protection of endothe lial and epithelial barrier functions; these latter effects are 

depen dent on EPCR and mediated by PAR1. The administration of recombinant APC has been 

found to exert beneficial effects in various preclinical models of inflammatory diseases, includ-

ing sepsis, acute lung injury, stroke, ischemia/reperfusion injury, and wound healing; both the 

anticoagulant and the cytoprotective pathways have been implicated herein.31 Patients with 

asthma show evidence of an impaired function of the PC system within their lungs. In patients 

with mild allergic asthma bronchoalveolar levels of APC decreased 4 hours after a bronchial 

allergen challenge and were significantly lower than healthy controls.14 In addition, APC/

thrombin and APC/PC ratios were decreased in induced sputum of patients with asthma, 

pointing to an imbalance between coagulation and the PC system.32 For the understanding of 

the involvement of the PC pathway in asthma pathophysiology, it is important to note that 

essential components of the PC pathway, in particular PC, thrombomodulin, EPCR, and PAR1 

are all expressed by the respiratory epithelium32-34 and that as a consequence thereof respiratory 

epithelial cells can produce APC in the presence of thrombin.32 Conceivably, the reduced 

function of the PC pathway in asthma in part is caused by down-regulation of PC and EPCR: 

bronchial epithelial cells exposed to eotaxin or RANTES (Regu lated on Activation, Normal 

T-cell Expressed, and Secreted; CCL5) in vitro displayed a reduced expression of PC and EPCR 

mRNA.32 Similar to patients with asthma, sensitized mice challenged with ovalbumin displayed 

reduced APC/thrombin ratios in BAL fluid.35 Importantly, inhalation of recombinant APC be-

fore exposure to aerosolized ovalbumin strongly attenuated allergic inflammation as reflected 

by a reduced influx of eosinophils and lower levels of the Th2 cytokines IL-4, IL-5, and IL-13 in 

BAL fluid; moreover, APC-treated mice had lower bronchoalveolar levels of IgE and diminished 
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airway hyper-responsiveness.35 The inhibitory effect of APC on eosinophil influx could be re-

versed by an anti-EPCR antibody, but not by a PAR1 antagonist, indicating that APC exerts this 

effect via an EPCR-dependent but PAR1-independent mechanism.35 These in vivo findings are 

corroborated by in vitro studies showing inhibitory effects of APC and PC on eosinophil36 and 

lymphocyte37 migration toward chemoattractants; the effects on both cell types could be pre-

vented by an EPCR antibody; these data suggest that cell migration may in part depend on the 

APC/ thrombin balance. 

Overall, these data indicate that a reduced function of the PC system may contribute to the 

perpetuation of inflammation in allergic asthma and that restoration of this function, for  

example by the administration of recombinant APC, may be of benefit to patients with asthma. 

Knowledge on how APC acts on inflamma tion has dramatically increased over the past few 

years, in particular in the field of systemic inflammatory syndromes, such as sepsis and endo-

toxemia. In systemic inflammation models, recom binant APC protects against mortality by 

effects that can be mediated by either EPCR-PAR1–dependent (endothelial cells, dendritic 

cells) or CD11b/CD18-PAR1–dependent (macrophages) mechanisms.38,39 Importantly, these 

protective APC effects do not rely on the anticoagulant properties of this protein: APC mutants 

lacking anticoagulant properties but with retained capacity to activate PAR1 are still able to 

protect mice from endotoxin or sepsis-induced death.40 As such, these non-anticoagulant APC 

mutants are promising new anti-inflammatory drugs, especially because they do not carry the 

risk of bleeding complications. At present, however, no data are available on the activity of 

these APC mutants in asthma models. In addition, for asthma it remains to be established via 

which cell type APC may exert anti-inflammatory effects. Of note, a very recent study has indi-

cated that indeed a cytoprotective-selective APC mutant that lacks most of APC’s anticoagulant 

activity has a similar capacity as wild-type APC to attenuate the development of pulmonary 

edema and to decrease mortality in mice with Pseudomonas pneumonia, suggesting that non-

anticoagulant APC mutants are active in the lungs.41 Of note, recombinant human APC 

(Xigris), which was registered for the use in patients with severe sepsis, was recently withdrawn 

from the market after the “PROWESS-SHOCK” trial in patients with septic shock showed no 

clinical benefit (or harm) in subjects who had received APC (European Medicines Agency, 

press release October 25, 2011). 

Recent investigations have implicated thrombomodulin in the pathogenesis of asthma 

(Figure 3). Although extensively character ized as the receptor expressed by the vascular en-

dothelium that is essential for APC generation after binding thrombin, it has now become 

clear that thrombomodulin expressed by dendritic cells is involved in allergic asthma. 

Thrombomodulin-positive dendritic cells were more prevalent in peripheral blood of patients 

with allergy and asthma than in subjects without asthma42,43; the percentage of thrombomod-

ulin-positive dendritic cells correlated with the extent of airflow limitation as determined by 

the percent forced expiratory volume in 1 second.44 Exposure of peripheral blood dendritic 

cells to house dust mite resulted in higher thrombomodulin expression in atopic than in 

nonatopic subjects.43 In addition, segmental allergen challenge in patients with mild allergic 

asthma increased soluble thombomodulin levels and throm bomodulin expression on den-

dritic cells in BAL fluid.14,45 More over, patients with asthma showed increased soluble 

thrombomodu lin levels in induced sputum.32 The presence of soluble thrombomodulin in the 

airways, of which the cellular source remains to be established, may serve to inhibit local 

inflammation during asthma: although these observational data suggest a detri mental role for 

thrombomodulin in asthma, mouse studies indicate that thrombomodulin probably plays a 

protective role in the allergic inflammation accompanying ovalbumin sensitization and 

challenge.44 Indeed, inhalation of recombinant soluble thrombomodu lin reduced the levels of 

IgE and Th2 cytokines as well as eosinophil numbers in BAL fluid of challenged mice. 

Thrombo modulin appeared to impact on dendritic cell function; adoptive transfer of throm-

bomodulin-treated dendritic cells reduced the severity of experimental asthma as measured by 

lung function and the extent of allergic inflammation. In addition, mice that were adoptively 

transferred with thrombomodulin-negative dendritic cells had more disease than those 

transferred with unsorted dendritic cells; conversely, animals adoptively transferred with 

thrombomodulin-positive dendritic cells were less responsive to ovalbumin. The lectin do-

main of thrombomodulin was responsible for the interaction with dendritic cells: wild-type 

mice treated with ovalbumin-pulsed dendritic cells deficient for the lectin domain of throm-

bomodulin showed more disease than wild-type mice treated with ovalbumin-pulsed dendritic 

cells from wild-type mice.44 Together, these mouse investigations identify thrombomodulin as 

a potential protective receptor in asthma by an effect that is unrelated to its anticoagulant 

properties; if these data can be confirmed in humans, the reported increases in the number of 

thrombomodulin positive dendritic cells in patients with asthma would imply a compensa-

tory rather than an asthma triggering response.42-44

2

Figure 3. Association between thrombomodulin (TM) expression on dendritic cells (DC) and soluble TM,  

and human and experimental asthma.
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PARs: the role of PAR2 in asthma 

PARs belong to a family of G protein–coupled receptors that can be activated by serine proteases 

via proteolytic cleavage.46 PARs carry their own ligand, which remains hidden until unmasked 

by proteolytic cleavage. The PAR family consists of 4 members (PAR1-PAR4); each subtype 

displays a unique activation site that is recognized by specific proteases. All PARs have been 

detected in lungs, in particular in epithelium and airway smooth muscle.46 PAR1 and PAR2 

have also been found on endothelium, macro phages, and migratory cells, such as mast cells 

and neutrophils. PAR1 can be activated by thrombin and APC and thereby play a role in 

asthma (see above). PAR2 has been implicated more directly in the pathophysiology of asthma 

(Figure 4). PAR2 can be activated by coagulation factors FVIIa and FXa, thereby providing a 

direct link between coagulation and inflammation. Notably, also other proteases can cleave 

and activate PAR2, both derived from the host (mast cell tryptase, trypsin, proteinase 3, 

elastase, and granzyme A) and from allergens (Der p1, p3, and p9 from house dust mite,47 

Alternaria alternata,48 and cockroach extract49). 

Increased expression of PAR2 is reported in bronchial epithe lium of patients with asthma.50 

Sensitized PAR2-deficient mice demonstrated a markedly diminished influx of eosinophils in 

BAL fluid after ovalbumin challenge; conversely, in transgenic mice overexpressing PAR2, 

eosinophil recruitment was higher.51 The effects in both PAR2-deficient and PAR2-overexpres-

sing mice were apparent at 24 hours after ovalbumin challenge but not at later time points or 

after multiple ovalbumin challenges, indicating an involvement of PAR2, especially in the 

acute response to allergen exposure. In addition, deletion of PAR2 tended to diminish ovalbu-

min-induced airway hyper-responsiveness, whereas overex pression of PAR2 exacerbated this 

response.51 In accordance, PAR2 activation in the airways led to allergic sensitization to concur-

rently inhaled antigens52 and to exaggerated allergen -induced airway inflammation and airway 

hyper-responsiveness in sensitized mice.53 The concept that proteases expressed by allergens 

can activate PAR2 and thereby facilitate inflammation was recently supported by studies in 

which cockroach extract (which does express PAR2-activating protease activity) was used as 

challenging antigen; these investigations indeed revealed that allergic sensitization to cock-

roach extract, and the resultant allergic airway inflammation depended on the ability of the 

extract to activate PAR2.54 Notably, most reports on PAR2 function focused on epithelial cells; 

relevant for allergic asthma, however, mast cells and eosinophils also express PAR2 and activa-

tion thereof results in histamine release, and degranulation and cytokine release, respectively.46 

The contribution of different cell types in PAR2-mediated allergic inflammation in vivo war-

rants further research. 

Together, these data indicate that activation of PAR2 may facilitate airway inflammation and 

airway hyper-responsiveness in allergic asthma. Different proteases implicated in asthma are 

able to cleave PAR2, including mast cell tryptase and proteases expressed by allergens (house 

dust mite, cockroach, and A alternata). Asthma is associated with generation of the coagulation 

proteases FVIIa and FXa see text above, but it is currently unknown what their contribution is 

to PAR2-mediated responses during allergic inflammation.

2

Figure 4. The role of PAR2 in allergic lung inflamma tion. Different sources of PAR2-activating proteases (both host-

derived and allergen-derived) in allergic lung inflammation cause PAR2 activation on eosinophils, airway epithelial cells, 

and airway smooth muscle. PAR2 has been implicated as the molecular link between these proteases (including FXa and 

FVIIa) and allergic lung inflammation.
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Platelets and asthma 

Platelets are anucleated fragments of their megakaryocyte  precursors and form the cellular 

components of a blood clot. Clinical evidence for a role of platelets in asthma is derived from 

studies demonstrating increased activation of platelets in patients with atopic asthma.55,56 In 

addition, increased circulating platelet- leukocyte aggregates have been detected in patients 

with asthma attacks and after allergen challenge.57,58 Similarly, allergen challenged mice 

showed platelet-leukocyte complexes in their circulation.59 Importantly, platelets expressing 

P-selectin on their surface are required for the influx of eosinophils into the lungs of mice with 

allergic inflammation, as indicated by experiments with platelet-depleted mice transfused 

with either wild-type platelets (which restored eosinophil recruitment) or P-selectin–deficient 

platelets (which failed to do so).60 In accordance, P-selectin– deficient mice exhibited dimin-

ished leukocyte infiltration on chal lenge with cockroach allergen.61 Furthermore, in an in vitro 

flow model, more eosinophils from patients with asthma adhered to activated endothelium 

than eosinophils from healthy controls, a process that was dependent on platelets and 

P-selectin.62 Platelets have also been shown to contribute to chronic consequences of asthma: 

airway wall remodeling failed to occur in allergen -sensitized mice depleted of platelets.63 

Platelets have been detected in BAL fluid of allergen-challenged mice63 and extravascularly in 

bronchial tissue and in the intra-alveolar space in patients with asthma,64 indicating diapedesis 

of platelets in areas of allergic inflammation and suggesting that platelets can contribute to 

lung inflammation via mechanisms that are independent of leukocytes. This latter hypothesis 

is supported by recent studies revealing that platelets of allergen-sensitized mice can undergo 

chemotaxis in response to the sensitizing allergen in vivo and in vitro.65 Notably, in ovalbumin-

sensitized and challenged mice, platelets migrated out of blood vessels into lung tissue directly 

underneath the airways; platelet influx preceded the influx of leukocytes, and many platelets 

were not adjacent to leukocytes.65 Direct activation of platelets via IgE receptors was required 

for allergen-induced platelet migration, considering that platelets deficient in the FcRy chain 

(and thus deficient for IgE receptors) transfused into wild type mice were unable to migrate 

into lung parenchyma. Murine platelets indeed possess the high affinity receptor for IgE 

(FcERI), which was up-regulated on allergen sensitization and challenge.66 These findings are 

further corroborated by the expression of both high-and low-affinity receptors for IgE on hu-

man platelets66,67 and the observation that a larger proportion of platelets from patients with 

allergic asthma express IgE binding sites on their surface compared with healthy controls.66 In 

vitro, platelets isolated from allergen-sensitized mice migrated toward either sensitizing anti-

gen or an anti-IgE antibody, a chemotactic response that required FcERI expression.65 Similarly, 

platelets harvested from patients with asthma (but not from non-allergic control subjects) 

migrated toward the specific sensitizing antigen and toward an anti-IgE antibody in vitro.65 

Platelets possess preformed granules filled with proinflamma tory and procoagulant mediators, 

some of which have been linked to bronchoconstriction, including thromboxanes, histamine, 

sero tonin, and platelet activating factor (PAF). PAF is a lipid derivative of phosphorylcholine 

released from platelets, mast cells, and IgE-sensitized basophils that bridges inflammatory and 

coagulation processes. Several reports point to a role for PAF in bronchoconstric tion: injection 

of PAF into guinea pigs produced bronchoconstric tion68; inhalation of PAF caused a dose-related 

bronchoconstriction and a prolonged increase in airway hyper-responsiveness in healthy 

subjects69; and antigen-induced airway hyper-responsiveness could be inhibited by an antago-

nist of PAF in guinea pigs.70 Approxi mately 5% of the Japanese population has a loss of function 

mutation in PAF acetylhydrolase that results in excess PAF and prolonged generation of PAF. 

The homozygous genotype was found more frequently in children with atopic asthma than in 

their parents or controls.71 The prevalence of PAF acetylhydrolase deficiency is higher in asth-

matics compared with healthy sub jects.72 These reports suggest a functional relationship of PAF 

in the pathophysiology of asthma. The potential role of platelets in lung function disorders 

accompanying asthma is further supported by findings that bronchoconstriction induced by 

either intratracheal instillation of lipopolysaccharide73 or intravenous injection of thrombin74 

required the presence of functionally intact platelets in the circulation. In accordance, platelet 

depletion resulted in a significant inhibition of allergen-induced airway hyper-responsiveness 

to inhaled histamine in rabbits,75 and P-selectin-deficient mice demon strated lower levels of 

airway hyper-responsiveness than wild-type mice61 with cockroach allergen-induced lung 

inflammation. More over, intravenous administration of platelet agonists induced bron-

chospasms and an accumulation of platelets in the lungs of experimental animals.76,77 

Together, these data identify platelets as important players in the development of allergic 

inflammation and in the recruitment of eosinophils. Modulation of platelet function seems 

an attractive new approach in asthma that warrants further investigation. 

Fibrinolysis in asthma 

Fibrinolysis is the process of fibrin cleavage by plasmin into fibrin degradation products, which 

is essential for the resolution of blood clots. Plasmin is formed from plasminogen by tissue-type 

plasmin ogen activator (tPA) or urokinase-type plasminogen activator (uPA). Plasminogen acti-

vator inhibitor type I (PAI-1) is the main inhibitor of both tPA and uPA. Many different cell types 

present in the lung can produce tPA, uPA, and PAI-1, including endothelial cells, macrophages, 

fibroblasts, mast cells, and bronchial epithelial cells.6,8 Asthma is associated with inhibition of 

fibrinolysis in the airways, primarily because of enhanced production of PAI-1.78 PAI-1 levels 

were increased in sputum of patients with asthma17,79 and in BAL fluid of rodents sensitized and 

challenged with ovalbumin,10,80,81 which was accompanied by decreased plasmino gen activator 

activity.10 Administration of uPA improved various features characteristic for asthma, including 

airway hyper responsiveness and subepithelial fibrosis in the lungs of mice exposed to ovalbu-

min82; similarly, inhalation of aerosolized tPA reduced airway hyper-responisveness in this 

model.10 Mast cells are probably an important source for PAI-1 in the asthmatic lung: lung tissue 

of patients with asthma and rats challenged with ovalbumin showed high numbers of PAI-1–
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positive mast cells.81,83 In addition, transcription of PAI-1 was highly up-regulated in human 

mast cells stimulated with IgE in vitro84 and mast cell deficient mice had approximately 50% less 

PAI-1 in their airways compared with normal mice after ovalbumin challenge in vivo.78 

PAI-1 has been implicated as a mediator of the allergic immune response: in a murine allergic 

rhinitis model, PAI-1–deficient mice showed a suppressed Th2 response and fewer symptoms.85 

In addition, PAI-1–deficient mice displayed a reduced airway hyper-responsiveness in the 

ovalbumin-induced allergic lung inflammation model.82 In a model of chronic asthma pro-

duced by exposure to aerosolized ovalbu min during 4 weeks, PAI-1 deficiency did not influence 

peribronchial eosinophilic infiltration, goblet cell hyperplasia, or ovalbumin-specific IgE lev-

els.80 PAI-1-deficient mice did show reduced collagen and fibrin deposition and enhanced matrix 

metalloproteinase-9 activity, indicating that the plasmin system regulates extracellular matrix 

deposition in the airways independently of the effect of PAI-1 on inflammatory cell recruit-

ment.80,82 Epidemiologic studies support the importance of PAI-1 for the pathophysiology of 

asthma: a 4G/5G polymorphism in the promoter region of PAI-1 has been linked to the risk and 

severity of asthma.86 The 4G/5G polymorphism regulates the extent of PAI-1 release on exposure 

to allergen: a challenge with house dust mite caused an increase in plasma PAI-1 levels in all 

patients with asthma with the 4G allele and in only one-third of 5G homozygotes,87 a clinical 

finding further corroborated by in vitro studies showing that in stimulated human mast cells 

the transcriptional activity of the 4G-PAI-1 promoter is higher than that of the 5G-PAI-1 

promoter.88 

Remarkably, plasminogen-deficient mice demonstrated attenu ated leukocyte recruitment into 

the lungs and reduced early histologic changes, including collagen deposition in the peribron-

chial areas and mucus metaplasia in allergic pulmonary inflamma tion induced by ovalbumin 

sensitization and challenge.89 In accordance, administration of the plasminogen inhibitor 

tranexamic acid reduced eosinophil and lymphocyte numbers, mucus produc tion, and colla-

gen deposition in the lungs of ovalbumin-treated wild-type mice.89 These results are unexpected 

in light of the impact of PAI-1 deficiency described above because plasminogen deficiency or 

inhibition, opposite to PAI-1 deficiency, will result in reduced fibrinolysis. It is therefore con-

ceivable that PAI-1 contrib utes to asthma pathophysiology by a mechanism that is not directly 

related to its role in fibrinolysis; indeed, PAI-1 has been implicated in processes and diseases 

that are not or only partially related to its capacity to inhibit plasminogen generation, includ-

ing wound healing, atherosclerosis, metabolic diseases, and tumor angiogen esis, processes that 

may depend on its interference in cellular migration and cellular matrix binding.90 

Thrombin activatable fibrinolysis inhibitor (TAFI) is known to be an important regulator of 

fibrinolysis after thrombin-induced activation by inhibiting binding sites on fibrin for plas-

minogen and tPA. TAFI can also inactivate complement proteins C3a and C5a. TAFI-deficient 

mice showed enhanced airway hyper-responsiveness and lung injury in the ovalbumin asthma 

model, which was partly the result of diminished inhibition of complement.91 The role of TAFI 

in human asthma warrants further investigation. 

Clinical experience with anticoagulant treatment of asthma: inhaled heparin 

Heparin is a glycosaminoglycan widely used as anticoagulant in clinical practice. Heparin 

binds to anti-thrombin causing a confor mational change that results in its activation, and in-

activation of thrombin and other proteases involved in blood clotting, most notably FXa. 

Besides its anticoagulant properties, heparin pos sesses a wide range of anti-inflammatory ac-

tivities, including inhibition of inflammatory mediators, such as eosinophilic cation protein, 

peroxidase, neutrophil elastase, and cathepsin G, inhibition of lymphocyte activation, neu-

trophil chemotaxis, smooth muscle growth, vascular tone, and complement activation.92 

Early studies described subjective improvement of asthma symptoms using intravenous 

heparin.93,94 Patients with mild to severe asthma exposed to inhaled heparin experienced sub-

jective, but no objec tive, improvement.95 Subsequent studies with inhaled heparin demon-

strated reduced bronchoconstrictive responses in patients with exercise-induced asthma96,97; 

inhaled enoxaparin (a low molecular weight heparin) demonstrated similar protective ef-

fects.98 In accordance, in subjects with asthma and house dust mite allergy, nebulized heparin 

administered 10 minutes before chal lenge inhibited bronchospasms99 and 5 treatments with 

nebulized heparin between 90 minutes before until 6 hours after allergen exposure attenuated 

the early and reduced the late allergic re sponse.100 Of note, however, trials of inhaled heparin 

on the bronchoconstrictive response to methacholine have yielded mixed results.101,102 

Bleeding complications have not been reported after inhalation of heparin. At present, inhaled 

heparin is not used in clinical practice as adjunctive therapy for asthma attacks. 

In conclusion, mediators and cells classically involved in procoagulant and anticoagulant 

pathways play a role in asthma pathophysiology. Patients with asthma display signs of en-

hanced activation of coagulation in their airways, impaired function of the anticoagulant PC 

system, and attenuated fibrinolysis. Inhibition of coagulation in mouse models of allergic 

asthma reduces eosinophil recruitment, lung inflammation, and airway remodeling and im-

proves lung function. Platelets can contribute to many features of asthma, at least in part by 

their capacity to directly respond to IgE, release inflammatory mediators, and form aggregates 

with leuko cytes. Administration of inhaled APC exerts strong anti inflammatory effects in 

ovalbumin-challenged mice. Considering the wide range of cytoprotective properties of this 

protein, these effects may be unrelated to APC induced inhibition of coagulation. PARs have 

been identified as the link between coagulation and inflammation; in experimental asthma, 

PAR2 activation, either by clotting proteases or proteases expressed by common allergens, 

contributes to disease severity. Clearly, this abundance of preclini cal data provides ample op-

portunities for identification of new therapeutic targets for patients with asthma, in particular 

for those with severe, refractory disease. As such, this relatively new area of asthma research 

holds promise for the future and the development of novel drugs with new mechanisms of 

action for asthma treatment. 
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