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Summary

Venous thromboembolism represents a significant cause of morbidity
worldwide. The factors that underly thrombophilia are manifold. The
concept of Virchow defines the well known triad of stasis, humoral 
factors, and pathologies of the vascular wall. In the current article, an
additional factor, the “accumulation of repair cells” is discussed. This
novel concept highlights the mast cell that accumulates around throm-
bosed vessels and provides a number of important repair molecules 
including heparin, profibrinolytic tPA, and fibrinogenolytic �-tryptase.
Thus, mast cell recruitment and activation may result in local thrombo-
lysis and prevention of coagulation. In line with this concept, mast 
cell-deficient mice are more susceptible to lethal thrombogenic stimuli
compared to normal mice. The factors (cytokines) that trigger mast cell
accumulation and release of repair molecules have also been identi-
fied – the most important one appears to be stem cell factor (SCF). All
in all, our novel concept suggests that the patho-physiology of throm-
bosis may involve a “physiologic” cell that provides the same repair
molecules that are used for treatment of thrombotic disorders by the
physician. Whether an altered availability of components of this 
cellular repair system can predispose for thrombophilia remains to be
determined.

Introduction

Thromboembolic disorders represent a significant cause of morbidity
and mortality worldwide. The factors that can predispose for venous
thrombosis are manifold. The simple concept of Virchow defines the
triad of stasis, humoral factors, and pathologies of the vascular wall (1).
However, recent data suggest that apart from this triad, also other
additional factors may contribute to the thrombophilic state (2). A new
exciting hypothesis is that distinct perivascular cells accumulate and

provide repair molecules to thrombosed vessels. A number of cell types
residing in extravascular areas such as the tissue macrophage, have
been discussed as repair cells in in this regard. 

Mast cells (MC) are extravascular cells that express a number of
vasoactive substances (histamine, others) and repair molecules such as
heparin, trypsin-like proteases, and tissue-type plasminogen activator
(tPA) (3-6). These mediators are stored in MC and secreted in a consti-
tutive manner or in response to cell activation. Physiologically, MC are
located in perivascular areas often in close apposition to cappillaries
and postcappillary venules (3, 7). Recent data suggest, that MC increase
in number and accumulate in areas of venous thrombosis (8-11). In
light of expression and release of repair molecules, these observations
have raised the possibility that MC contribute to the pathophysiology of
venous thrombosis as an important repair cell. In the current article, this
novel concept is introduced and discussed.

Origin and Distribution of Mast Cells

Mast cells (MC) are multifunctional hemopoietic effector cells. In
common with all other hemopoietic cells they derive from multipotent
hemopoietic progenitors (12-14). However, in contrast to other blood
cells, MC undergo differentiation and maturation in extramedullary
organs. Thus, MC progenitors are circulating cells that migrate into
tissues (15). A well established concept is that homing, migration and
differentiation of MC progenitors are regulated by stem cell factor
(SCF) also termed mast cell growth factor (MGF) or KIT ligand
(14-16). SCF is a stroma cell-derived cytokine primarily expressed in
(and released from) fibroblasts and vascular endothelial cells (17-19).
MC as well as mast cell growth factor (SCF) can be detected in most
organ systems (3, 7, 17). The lungs and the gastrointestinal tract contain
remarkably high numbers of MC (3). Usually, MC are located around
blood vessels or in loose connective tissues where they can easily be
identified by their metachromatic granules (3, 7).

Fuctional Role of Mediators Expressed by Mast Cells

Mast cells are a source of multiple mediators including histamine,
heparin, cytokines, prostaglandin-D2, and proteolytic enzymes such as
tryptase and chymase (3-6). Several of these mediators appear to be in-
volved in the regulation of vascular cells. Other mediators apparently
play a role in coagulation and thrombolysis. Likewise, �-tryptase, a
MC-specific enzyme, is capable of degrading fibrinogen (20). In addi-
tion, �-tryptase activates pro-urokinase within the fibrinolytic system
(21). Another MC-specific enzyme, chymase, has been described to in-
activate thrombin (22). Heparin, which is selectively stored in MC (23)
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prevents coagulation by acting as a co-factor of anti-thrombin III
(AT-III). However, heparin is also a co-factor of �-tryptase (24) and
modulates the activity of tissue type plasminogen activator (tPA), a
major regulator of fibrinolysis (25). Recent data suggest that MC them-
selves can express and release tPA (26). All in all, MC express several
important molecules involved in the regulation of fibrinolysis and
coagulation. Table 1 shows a summary of respective molecules.

Mast Cells Express tPA, a Major Regulator of Fibrinolysis

The key-enzyme of fibrinolysis, plasmin, is generated from inactive
plasminogen through the catalytic action of two major enzymes, tPA
and urinary type plasminogen activator (= uPA = urokinase) (27, 28).
Both enzymes play a role in endogenous fibrinolysis. Thus, disruption
of the uPA gene in mice leads to impaired clot lysis and spontaneous
deposition of fibrin (29). The additional lack of a functional tPA gene
promotes the uPA-knock-out phenotype. Thus, mice with a combined
deficiency suffer from extensive fibrin-deposition and occurrence of
vascular thrombosis (29). The emerging concept is that endogenous

tPA and uPA are involved in the degradation of locally generated fibrin.
Human tissue MC appear to produce and secrete tPA in a constitutive
manner but do not express uPA (26). However, MC express detectable
amounts of uPA receptor (CD87) (30). This is of particular interest
since this molecule has been implicated in several repair processes
including fibrinolysis and chemotaxis. Notably, urokinase is a potent
chemoattractant for human MC (30). 

Mast Cells Lack Plasminogen Activator Inhibitors

In most physiologic cells, the fibrinolytic activities of tPA and uPA
are under control of plasminogen activator inhibitors (PAI-1, PAI-2,
PAI-3) (31, 32). This holds true for endothelial cells, macrophages,
smooth muscle cells, and fibroblasts (Table 2). In contrast, however,
resting MC produce tPA without producing PAIs (26) (Table 2). As a
result, MC exhibit a unique and strong fibrinolytic potential (26). Like-
wise, the supernatants of cultured MC are capable of lysing a fibrin clot
in vitro similar to recombinant tPA (26). Correspondingly, the clot-
lysing effect of MC (supernatants or lysates) can be neutralized by an
anti-tPA antibody or addition of PAI-1 (26). Activation of MC by SCF
or other cytokines is associated with increased release of tPA but not
with PAI-expression (26). This observation suggests that even when
activated by cytokines, MC exhibit profibrinolytic activity. Under
certain conditions, however, activated MC may also produce and re-
lease PAI-1. In fact, when exposed to PMA, MC can produce PAI-1
(33). A physiologic inducer of PAI-1 expression in human MC remains
to be identified, however. All in all, under various (physiologic) condi-
tions, MC express tPA in the absence of PAIs and therefore may play
a role in endogenous fibrinolysis. 

Mast Cells Are a Source of Heparin

In contrast to all other cells in the tissues, MC are a source of hepa-
rin (23). Likewise, it can be assumed that “standard heparin” isolated
from the porcine gastrointestinal tract is almost exlusively derived from
MC. Heparin has potent anticoagulant activity through its action as
AT-III co-factor. In addition, however, heparin is a co-factor of tPA and
of �-tryptase (24, 25). The emerging concept is that MC produce and
store all these repair molecules in their granules and can release these
compounds most probably in form of a multimolecular complex.
In line with this notion, crude MC supernatant (releasate) contains
functionally active tPA, whereas purified MC tPA or recombinant tPA
are ineffective with regard to plasminogen activation unless heparin or

Table 1 Pathophysiologic effects of mast cell-derived mediators

HMC-1 is a human mast cell line derived from a patient with mast cell leukemia; HUVEC,
human cultured umbilical vein endothelial cells; SMC, human smooth muscle cells (from coro-
nary arteries); WBC, white blood cells

Table 2 Fibrinolytic activity and tPA expression in
mast cells – comparison with other cell types and role of
inhibitory PAI-1
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fibrin is added to the reaction (26). The concept would imply, that MC-
tPA is released into tissues together with heparin (probably in a com-
plex) and thus as an enzyme that directly catalyzes the generation of
plasmin even in the absence of fibrin, a major regulator of tPA activity.

Mast Cells Increase in Venous Thrombosis

A number of previous and more recent studies have shown that MC
increase in number in venous thrombosis (6, 8-11, 34, 35). In deep vein
thrombosis, MC accumulate around thrombosed vessels often in close
vicinity to the vasa vasorum (8). This is an interesting aspect – in fact
the vasa vasorum represent most important nutritive vessels and have to
stay open during and after thrombosis. In auricular thrombosis, MC
redistribute to and accumulate in the upper endocardium (9-11). MC
also increase in number and accumulate in prostate vein thrombosis,
liver vein thrombosis, or pulmonary embolism (6). In all models, MC
express tPA, but do not express PAIs (8-11). These observations raise
the possibility that MC act as repair cells in thrombotic processes and
thus are involved in the pathophysiology of thrombosis. This novel
concept has also been supported by an in vivo model. In fact, it has
been shown that MC-deficient W/Wv mice have a significantly in-
creased incidence to develop fatal thromboembolic events after India
ink injection compared to normal mice (36). Interestingly, addition of
heparin was found to counteract India-ink-induced thrombosis in this
model (36). Moreover, MC-reconstitution of W/Wv mice by bone
marrow transplantation from normal mice resulted in a protection from
India-ink-induced thrombosis (36). In light of these data it is tempting
to speculate that MC may act as repair cells in thromboembolic disease
states. However, the precise role of MC in the pathophysiology of
thrombosis and especially their contribution to tissue repair and endo-
genous fibrinolysis, remain to be defined. Also, the exact role of MC-
derived repair molecules, namely heparin and tPA, in thromboembolic
disorders, remains unknown. Clinical studies are currently under way to
address these issues and to further define the role of MC as repair cells
in various disease models.

Role of KIT and KIT Ligand 

KIT is a transmembrane tyrosine kinase receptor for SCF. The KIT
ligand SCF is a major regulator of MC functions. In fact, SCF induces

differentiation and migration of MC as well as mediator secretion
(14-16, 37-40). The SCF receptor (KIT = CD117) is expressed in MC
progenitor cells as well as in mature MC (41, 42). Recent data suggest
that both SCF and KIT play a role in the repair functions of MC. First,
SCF is detectable in thrombin-activated endothelial cells as well as
around thrombosed vessels (where endothelial cells are considered to
be in an activated state) (9, 18). Thrombin-activated endothelial cells
appear to produce and secrete the soluble form of SCF, and to display
MC-chemotactic activity (18). Thus, SCF may be involved in the
accumulation of MC around thrombosed vessels. Since SCF is also
expressed in membrane-bound form in endothelial cells or other stroma
cells, the localizing effect of SCF may also be due to adhesion of KIT+
MC to SCF-bearing cells in the tissues (19, 43). However, SCF not
only mediates chemotaxis and adhesion in human MC but also media-
tor secretion (38, 39). Thus, SCF also promotes the release of heparin
and tPA (26). Moreover, SCF induces an increase in expression of
uPAR (30). 

The Emerging Concept

Based on the observations that MC accumulate at the sites of throm-
bosis and contain a number of repair molecules, a new concept that
represents an extension of the triad of Virchow is proposed. In this
concept, activated endothelial cells produce and secrete SCF that in-
duces accumulation and activation of MC. Activated MC in turn
provide a number of repair molecules to thrombosed vessels. These
repair molecules (tPA, heparin, others) would then counteract thrombosis
and help to prevent further thrombus formation. Figure 1 shows a scheme
of our novel hypothesis.

Concluding Remarks

So far, MC have mainly been implicated in the “effector-phase”
of allergic and other inflammatory reactions. The possibility that
MC, in addition, can fulfil an important repair function in the
thromboembolic state, is a novel concept  – and a novel hitherto unrec-
ognized function of MC. Clinical studies will clarify whether indeed
MC play an important role in endogenous fibrinolysis and whether
a defect in the MC-repair system may contribute to the thrombophilic
state.

Fig. 1 Regulation of thrombolysis by mast cell- 
endothelial cell interactions. During an thromboembolic
event, thrombin activates endothelial cells to express and
release the soluble form of stem cell factor (SCF). SCF
induces differentiation and chemotaxis in mast cells
thereby leading to a local accumulation of these cells.
Moreover, SCF triggers secretion of various mediators
including heparin and tPA in mast cells. The released
mediators may play a significant role in endogenous
thrombolysis
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Appendix

All co-authors contributed equally to the development of the concept, and
each of the persons listed as co-author contributed special expertise and input in
the fields of mast cell biology (P. V.), endothelial cell reasearch (M. B.), histo-
pathology (H. C. B.), molecular biology (C. S.), mast cell activation (W. R. S.),
vascular biology (J. W.), fibrinolysis and biochemistry (B. R. B.), and thrombosis
research (K. L.).
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