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Anaphylaxis is a life-threatening allergic reaction. It is triggered by the release of pro- 
inflammatory cytokines and mediators from mast cells and basophils in response to 
immunologic or non-immunologic mechanisms. Mediators that are released upon mast 
cell activation include the highly sulfated polysaccharide and inorganic polymer heparin 
and polyphosphate (polyP), respectively. Heparin and polyP supply a negative surface 
for factor XII (FXII) activation, a serine protease that drives contact system-mediated 
coagulation and inflammation. Activation of the FXII substrate plasma kallikrein leads 
to further activation of zymogen FXII and triggers the pro-inflammatory kallikrein–kinin 
system that results in the release of the mediator bradykinin (BK). The severity of ana-
phylaxis is correlated with the intensity of contact system activation, the magnitude of 
mast cell activation, and BK formation. The main inhibitor of the complement system, 
C1 esterase inhibitor, potently interferes with FXII activity, indicating a meaningful cross-
link between complement and kallikrein–kinin systems. Deficiency in a functional C1 
esterase inhibitor leads to a severe swelling disorder called hereditary angioedema 
(HAE). The significance of FXII in these disorders highlights the importance of studying 
how these processes are integrated and can be therapeutically targeted. In this review, 
we focus on how FXII integrates with inflammation and the complement system to 
cause anaphylaxis and HAE as well as highlight current diagnosis and treatments of 
BK-related diseases.
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BACKGROUND OF THe PLASMA CONTACT SYSTeM

The factor XII (FXII)-driven contact system is a network of proteases and inhibitors that inte-
grates four major pathways: (1) the complement system, (2) the coagulation cascade, (3) the 
fibrinolytic system, and (4) the kallikrein–kinin system (1). The name “plasma contact system” 
comes from FXII being activated when it comes into “contact” with anionic surfaces, which 
leads to a conformational rearrangement resulting in the active protease factor XIIa (FXIIa). 
FXIIa initiates a series of downstream events that mediate the interface between of inflamma-
tion and coagulation (2, 3). FXIIa activates two serine proteinases, factor XI (FXI) and plasma 
prekallikrein (PK) that drive the coagulation and kallikrein–kinin systems, respectively. The 
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FiGURe 1 | Factor XII (FXII)-driven contact system in activation of anaphylaxis. Zymogen scFXII becomes activated to FXIIa either by endogenous activators 
[misfolded proteins, RNA/DNA, neutrophil extracellular traps (NETs), polyP, oversulfated chondroitin sulfate-contaminated heparin (OSCS-heparin) and heparin] or by 
artificial surfaces. Anaphylaxis can activate mast cells with the release of their mediators (polyP and heparin), which also leads to FXIIa. FXIIa proceeds to activate 
prekallikrein, which reciprocally cleaves both FXIIa into β-FXIIa and high-molecular-weight kininogen (HK) to bradykinin (BK). BK binds receptor B2 (B2R) and triggers 
inflammation, edema, and symptoms of anaphylaxis. BK can be further proceeding to des-Arg-BK and mediates B1 receptor (B1R) activation resulting in 
hypotension and bronchoconstriction. The contact system can be inhibited by the C1INH that inhibits both FXIIa and plasma kallikrein.
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non-enzymatic cofactor, high-molecular-weight kininogen 
(HK) is cleaved by activated plasma kallikrein (PKa) to release 
the pro-inflammatory oligopeptide bradykinin (BK) (4). 
Recent data have linked FXIIa-driven formation of BK and the 
downstream activation of the G-protein-coupled receptor B2 
(B2R) potentially signaling to anaphylaxis and other immuno-
logic disorders (Figure 1) (5, 6).

Proteins and Molecules of the  
Contact System
Factor XII
Factor XII circulates in plasma as a zymogen with a concentra-
tion of 40 µg/ml (375 nM) (1). Coming into contact with anionic 
surfaces causes the zymogen form of FXII to undergo a confor-
mational change in the presence of zinc ions. Conformational 
rearrangements induce auto-activation, which leads to small 
amounts of FXIIa (7). Due to activation of FXII zymogen, the 
single-chain polypeptide is converted into a two-chain molecule, 

composed of a heavy chain [353 amino acid (aa)] and a light 
chain (243 aa). The two chains stay connected with each other by 
a disulfide bond between Cys340 and Cys367 residues. The heavy 
chain is responsible for binding to anionic surfaces and, similar 
to HK heavy chain (8), links the zymogen to proteoglycans of cell 
surfaces (9). The catalytic domain is located within the C-terminal 
light chain of the protease. In humans, single-chain (sc)FXII 
has measurable, although much lower, proteolytic activity than 
complete FXIIa and its potential importance in vivo remains to 
be shown (10). FXIIa initiates the intrinsic coagulation cascade, 
which leads to the generation of thrombin and fibrin to produce 
clots in the blood (11). Furthermore, FXIIa converts PK to the 
active protease PKa, which reciprocally activates more FXII (7). 
In addition, PKa can initiate a further proteolysis of FXIIa into a 
~30 kDa light chain fragment, termed β-FXIIa. The cleavage takes 
place at the peptide bond Arg353–Val354 and consequently, the 
active site released from the heavy chain and thus from surfaces. 
This small, soluble β-FXIIa variant retains its proteolytic activity 
toward PK, but not to FXI (Figure 1), offering an explanation 
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for selective activation of the kallikrein–kinin pathway in the 
absence of coagulation (12).

Plasma Kallikrein
Prekallikrein has a plasma concentration of 35–50 µg/ml (580 nM)  
and exists as two different glycosylated forms with molecular 
weights of 85 and 88 kDa, respectively. Similar to FXII, a lim-
ited proteolysis activates zymogen PK and the active form is 
composed of a heavy chain (residues 1–371, 55 kDa) linked by a 
disulfide bond and a light chain (residues 378–619, 30 kDa). The 
heavy chain contains four apple domains and PK/PKa binding 
to HK is mediated by apple domains 1, 2, and 4 (13, 14). The 
PK light chain contains the peptidase domain with the substrates 
being HK, FXII, plasminogen, and urokinase-type plasminogen 
activator. Interestingly, the kallikrein–kinin system is linked to 
thrombosis, fibrinolysis, and the rennin–angiotensin system 
through the conversion of plasminogen to plasmin by PKa (7).

High-Molecular-Weight Kininogen
In humans, the non-enzymatic cofactor HK is generated from a 
single gene but undergoes alternative splicing to form high- (HK) 
and low-molecular (LK) weight kininogen. Murine HK contains 
two kininogen genes and both transcripts undergo alternative 
splicing which results in four kininogens. HK, but not LK, binds to 
cell surface glycosaminoglycans and the interaction is improved 
by zinc ions (15, 16). There is no detectable spontaneous HK 
activation due to HK protection from proteolytic cleavage by 
glycosaminoglycans binding. Therefore, cell surface presents a 
reservoir for BK production (7, 17).

Activation of BK via the FXii-Driven 
Contact System
Bradykinin is a nonapeptide composed of the sequence Arg–Pro–
Pro–Gly–Phe–Ser–Pro–Phe–Arg and functions as an inflamma-
tory mediator. BK is the product of the kallikrein–kinin system 
following activation of FXII. FXIIa leads to proteolysis of PK, 
and the resulting PKa cleaves HK to generate BK (Figure 1). In 
contrast to PK, tissue kallikrein liberates kallidin (Lys-BK) from 
LK (18). Released BK binds with high-affinity (8–12 nM) to B2R. 
Upon binding of BK or kallidin, the activated B2R induces an 
increase of intracellular calcium ([Ca2+]i) that stimulates the 
endothelial nitric oxide synthase resulting in increased protein 
kinase G activity (19, 20). B2R signaling triggers vasodilatation, 
increase of vascular permeability, mobilization of arachidonic 
acid, and chemotaxis in granulocytes (21). BK increases vascular 
permeability via opening tight junctions of endothelial cells 
(22). B2R is constitutively expressed in multiple tissues such as 
endothelial cells, sensory fibers, smooth muscle cells, and epithe-
lial cells, among others. Furthermore, expression of the B2R is 
enhanced by cytokines, cyclic adenosine monophosphate, estro-
gen, and glucocorticoids. Pathologic B2R activation contributes 
to various allergic, inflammatory, and infectious diseases such as 
sepsis, anaphylaxis, traumatic brain edema, rhinitis, capillary leak 
syndrome, or ischemia/reperfusion injuries (6, 23, 24). BK has a 
short half-life (<30 s) in plasma because it is quickly degraded by 
both plasma and endothelial peptidases. To overcome limitations 

in analyzing BK in patient samples elegant assays that measure 
BK-free HK (cleaved HK) have recently been developed (25). 
The angiotensin-converting enzyme (kinase 2), carboxypepti-
dases M and N (kininase 1), and the neutral endopeptidase 
(Neprilysin) process BK at two distinct sites (Pro7–Phe8 and 
Phe5–Ser6) leading to the inactive peptides BK1–7 and BK1–5 
(26). Carboxypeptidase N removes the C-terminal BK arginine 
residue resulting in the metabolite des-Arg9-BK. This peptide 
stimulates the G-protein-coupled kinin B1 receptor (B1R) 
(27). Under normal physiological conditions, B1R is minimally 
expressed, but expression is rapidly upregulated in response to 
stimuli such as tissue injury or an increase in inflammation (20). 
Pharmacological inhibition of some mitogen-activated protein 
kinases and NF-κB interfere with B1R expression. Interestingly, 
all kallikrein–kinin system components are found within the cen-
tral nervous system (CNS), and BK is formed and contributes to 
brain trauma and ischemia (28). Recently, a role for B1R in brain 
immune inflammation in a mouse model of Alzheimer’s disease 
was identified, possibly with microglial/macrophage involvement 
(29). Blocking B1R reduces brain infarction and edema formation 
in mice, while B2R deficiency had no effect on stroke outcome 
in mice (30). Furthermore, murine models indicate a role of 
FXIIa and BK in CNS autoimmunity, including multiple sclerosis 
(31) and pharmacologic interference with BK formation and/or 
signaling might ameliorate secondary brain injury (32).

THe CONTACT SYSTeM iNTeGRATeS 
wiTH ACTivATeD MAST CeLLS, THe 
COMPLeMeNT SYSTeM AND MeDiATeS 
ANAPHYLAXiS

Anaphylaxis is a multisystem syndrome of a rapid onset of 
symptoms and an immunologic response to allergens (33) that 
is predominantly driven by activated mast cells. Mast cells are 
found near blood vessels and areas susceptible to foreign anti-
gens, such as tissue mucosa, and serve as multifunctional effector 
cells in the immune system (34). In most cases, the initiation of 
anaphylaxis is due to an antigen (allergen) that interacts with 
high-affinity receptors for immunoglobulin E (FcεRI), which are 
located on mast cells and basophils. Allergen-binding leads to 
intracellular signaling that results in the release of granules (35). 
These components, which are synthesized by mast cells and other 
immune cells such as macrophages or neutrophils, interact with 
circulating plasma proteins or tissue factors. Among the liberated 
compounds is histamine, which increases vascular permeability 
and vasodilation, leads to plasma leakage and reduced intravas-
cular volume (36). This induces a drop in blood pressure that can 
lead to a lethal outcome.

Mediators of the Mast Cells and Activators 
of FXii-Driven Contact System
Mast cells critically contribute to anaphylaxis. The link between 
mast cells and anaphylaxis was established once it was discov-
ered that mast cells were abundant in protein and mediators 
such as tryptase, chymase, and other cytokines, as well as newly 
synthesized lipid-derived molecules such as prostaglandins, 
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platelet-activating factor (PAF), cytokine tumor necrosis factor 
α, and leukotrienes (37). These mediators play an important role 
in the development of anaphylaxis; however, the mechanisms of 
inducing anaphylaxis vary widely (6). For instance, PAF activates 
inflammatory and thrombotic pathways by causing platelet acti-
vation and liberates vasoactive substances, resulting in increased 
endothelial permeability. Uncontrolled PAF activities can result 
in sepsis, shock and are important in disseminated intravascular 
coagulation (38, 39). Prostaglandins lead to smooth muscle 
relaxation and act as vasodilators. Interestingly, they can also 
inhibit platelet adherence. Levels of urinary prostaglandin D2 
correlate with severity of anaphylaxis (40) and leukotriene pro-
duction accompanies histamine and prostaglandin production. 
Their release triggers smooth muscle contractions and vasodila-
tion, leading to bronchoconstriction and hypotension. Cysteinyl 
leukotrienes are termed slow-reacting substance of anaphylaxis 
and are up to 1,000-fold more potent than histamine but have a 
slower onset and long-lasting activities (41–43). The overlap of 
these pathways leads to synergistic pathologic effects that also 
result in activation of complement and contact system pathways, 
highlighting the importance of developing effective therapeutics 
for this potentially lethal condition. In this section, some of the 
main mediators that induce inflammation and/or coagulation 
through contact system-mediated pathways will be discussed in 
greater detail.

Histamine
Released histamine causes increased angioedema, anaphylaxis, 
or chronic spontaneous urticaria and is also involved in allergic 
responses. Histidine decarboxylase is the only enzyme capable 
of producing histamine (44). Upon mast cell release, histamine 
promotes recruitment of TH2 helper cells and dendritic cells along 
with antigen presentation (35). Mast cell secretory granules also 
contain heparin and proteoglycans, which are heavily negatively 
charged, in contrast to histamine, which is positively charged. 
Both components can interact within granules and upon mast 
cell activation, heparin proteoglycans and histamine are released 
with similar kinetics (45). Furthermore, histamine and heparin 
have been shown to interact in purified systems (34, 46), but 
there is no evidence for a physiologically relevant interaction 
in  vivo. In urticaria patients, the occurrence of angioedema 
was reduced with antihistamine therapy (47). In addition, there 
were no increased plasma BK levels in four patients with an 
acute histamine-sensitive angioedema (48) arguing that BK and 
histamine have the capacity for inducing edema by independent 
pathways. For angioedema with unknown derivation (idiopathic 
angioedema) and for hereditary angioedema (HAE), histamine 
receptor antagonists are clinically applied, but approximately one 
in six patients exhibiting idiopathic angioedema do not respond 
to antihistamine treatments (49). This suggests that other media-
tors are involved in the trigger and the outcome of hereditary 
forms of angioedema.

Serotonin
Serotonin, a biogenic amine, is a mast cell granule constituent. 
However, confocal microscopy revealed that distinct mast cell 
granules contain both histamine and serotonin (50, 51). In absence 

of endogenous histamine, serotonin is increased in immune cells 
including mast cells (44). One explanation could be that mast cells 
can selectively release serotonin without releasing histamine (52) 
via high-affinity serotonin-binding proteins used to sequester 
serotonin from secretory vesicles (53). Serotonin functions as a 
regulator of immune and inflammatory responses and is partially 
mediated through direct interactions with macrophages (54).

Heparin
Another major component of mast cell granules is heparin, which 
is released following IgE/antigen activation (5). Heparin-driven 
FXII contact activation triggers the kallikrein–kinin system, 
releases BK to stimulate B2R in human plasma and leads to 
edema in vivo (55). Heparin levels are elevated in patients with 
anaphylaxis while PK and HK plasma levels are low in anaphylaxis, 
indicating that the contact system is indeed activated. In contrast 
to other contact system activators, mast cell heparin does not 
activate the coagulation pathway, possibly because heparin binds 
to antithrombin III, thereby increasing its inhibitory activity 
toward thrombin (6).

In 2007, heparin contaminated with synthetic oversulfated 
chondroitin sulfate-contaminated heparin (OSCS-heparin) was 
accidentally given to patients in the United States and Germany. 
This commercially available contaminated heparin resulted in 
adverse clinical events in the heparin therapy for hundreds of 
individuals (56). Within several minutes of intravenous infusion 
of contaminated heparin, there was a drastic reaction in patients 
causing edema, hypotension, swelling of the larynx and other 
related symptoms including death (56). The OSCS-contaminated 
heparin potently activates FXII via the kallikrein–kinin system 
through BK formation in human plasma (57), demonstrating 
the importance of understanding the mechanisms that induce 
BK in patients.

Polyphosphate
Polyphosphate (polyP) is a polymer of linear linked phosphate 
units via energy-rich phosphoanhydrous bonds. PolyP is 
pro-inflammatory and procoagulant and is found in secretory 
granules of platelets, basophils, and mast cells that resemble 
acidocalcisomes in prokaryotes (51, 58). Mast cell activation leads 
to a release of polyP that activates the FXII-driven contact system 
(51) while FXII- or B2R-deficient mice do not exhibit activated 
mast cell-induced edema and hypotension (5).

Polyphosphate was first found in prokaryotes and is involved 
in metabolism, structural behavior and stress responses. The 
polymer can be from a few up to thousands of residues long 
(11). In artificial systems, dissolved long-chain polyP (>500 
residues) activates FXII more potently than short-chain polyP 
(<100 residues); however, these long-chain polymers have low 
solubility under physiological conditions (59). The hypothesis 
that size determines the activity of polyP for activating FXII 
has been challenged by the fact that polyP form calcium-rich 
nanoparticles in vivo. Independent of the size of the individual, 
polyP monomer polyP, packed into particles potently activates 
FXII (60). PolyP is unstable in plasma (61) and technology to spe-
cifically analyze the polymer has been developed (62). Recently, 
intravital microscopy visualized release of polyP nanoparticles 
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FiGURe 2 | Cross talk between the kallikrein–kinin system and the 
complement system. The complement system can be activated by three 
different pathways: (1) C1q initiates the activation of the classical pathway,  
(2) the mannose-binding lectin (MBL) or ficolins trigger the lectin pathway for 
glycosylation on the surface of pathogens. Activation of either the classical 
pathway or MBL generates C3 convertase. (3) If C3 is spontaneously 
hydrolyzed, the alternative pathway is activated and generates activated  
C3b. C3 and C5 release C3a and C5a, which can trigger inflammation.  
The activation of the complement system via the kallikrein–kinin system is 
indicated, mainly FXIIa and plasma kallikrein are involved in activation of  
C3 and C5. FXIIa can trigger the C1r/C1s complex. C1INH inhibits the 
complement system in all three different pathways and furthermore via the 
inhibition of the kallikrein–kinin system.
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from platelet dense granules. PolyP nanoparticles accumulate 
on the procoagulant platelet surface in vivo. The polyP particles 
are retained on the platelet surface where they potently initiate 
FXII contact activation (63, 64). FXII activation by exposed 
procoagulant polyP offers a rationale for the critical role of FXIIa 
in mediating platelet driven coagulation/clot formation that is 
well established since decades the field (65–70). In addition to 
polyP particles, small amounts of short-chain soluble polymers 
are released into the supernatant from activated platelets (71) 
and activate an array of procoagulant mechanisms (72). The 
role of these FXII-independent mechanisms, however, remains 
enigmatic in vivo. PolyP colocalizes with serotonin and calcium 
in the acidic secretory granules of mast cells (51). Taken together, 
polyP in mast cells is released in a mechanism similar to that of 
platelets. These data suggest that the release of heparin coupled 
with polyP inhibits the procoagulant properties of polyP while 
retaining the pro-inflammatory capability.

Contact System Cross Talk with the 
Complement System
An important component of the immune response is the comple-
ment system, which is composed of soluble proteins circulating 
as precursors in the plasma. There are three distinct pathways that 
can activate the complement system: (1) the classical pathway,  
(2) the lectin pathway, and (3) the alternative pathway. The clas-
sical pathway is activated via binding of C1q to antibodies com-
plexed with antigens. In some cases, the interaction of C1q with 
certain pathogens can lead to a direct surface binding without the 
presence of antibodies. The C1 complex contains C1q, which is 
further bound to two molecules each of the zymogens C1r and 
C1s (73). The mannose-binding lectin (MBL) pathway is initi-
ated when mannan-binding lectin-associated serine proteases 
(MASP-1 and MASP-2) bind and are activated via MBL, ficolins 
or collectins to carbohydrates on the bacterial cell wall (12). The 
alternative pathway is initiated via spontaneous activation of C3b 
that leads to binding on the pathogenic surface. The activation 
of all three pathways is driven by a series of limited-proteolysis 
reactions that convert the proenzymes to an active enzymes (74) 
culminating in generation of C3 convertase (73). The convertase 
cleaves C3 to C3a and C3b and can generate more C3 molecules 
to amplify production of C3b. C3b is involved in the production 
of C5 convertase, which functions as an opsonization marker for 
bacteria to be phagocytosed by macrophages and neutrophils 
(75). The cleavage of C5 by C5 convertase yields C5a and C5b in a 
similar fashion as C3. C3a and C5a, known as anaphylatoxins, are 
pleiotropic inflammatory mediators and proteolytically released 
from C3 and C5 (74). In host defense responses, the membrane 
attack complex (MAC) is produced by C5b-mediated formation 
of C5b-9 complex. This MAC induces lysis of pathogens or cells 
via incorporation into the cell membranes (12).

The complement system has the capacity to trigger anaphylac-
tic shock, mainly via C3a and C5a activity. These anaphylatoxins 
induce degranulation of mast cells, which leads to the release 
of histamine. In addition, they also increase vascular perme-
ability and induce contraction of smooth muscle cells (76, 77). 
Complement activation was found to trigger anaphylactic shock  

in mice exposed to peanut extract through C3 activation. In 
accordance with this finding, the authors showed that mice 
deficient in C3 or its receptor C3aR had almost no response to 
the peanut extract (78).

There is extensive cross talk between the complement and 
contact systems at several levels (Figure 2). They share the major 
endogenous inhibitor, C1INH that inhibits the initial step of 
both cascades. While C1INH inhibits FXIIa activation of the 
contact system, all three-activation pathways of the complement 
are also inhibited by distinct mechanisms. The classical pathway 
is inhibited by C1INH-mediated inactivation of C1r and C1s 
(79), two subunits of the C1 complex that is also known to be 
activated by FXIIa (Figure  2) (80, 81). By covalent binding to 
MASP-1 and MASP-2, C1INH also inhibits the lectin pathway 
(82). Finally, the alternative pathway is inhibited by reversible 
binding of C1INH to C3b (83). Interestingly, in vitro activation 
of FXII by OSCS activates C3 and C5 in human plasma in addi-
tion to the kallikrein–kinin system. In FXII-deficient plasma, 
activation was abrogated with no effect on normal complement 
activation, an effect that was rescued by addition of purified FXII 
to FXII-deficient plasma (57). There are multiple inhibitors of 
the complement system that are expressed on cell surfaces. The 
inhibitory effect of antithrombin, however, is much enhanced 
by glycosaminoglycans, such as heparin and heparan sulfate 
(84, 85). Further interactions between the complement and the 
kallikrein–kinin system have been discovered. For example, PKa 
has been found to trigger the generation of C3a fragments in 
humans (86) and C5a due to limited proteolysis of C5 in rabbits 
(87). While this last reaction was confirmed using anti-PK IgG 
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or soybean trypsin inhibitor, this result has yet to be confirmed 
in humans. The cross talk between complement and the contact 
system has become increasingly more relevant because many 
types of molecules are produced that play an important role in 
pathologies such as angioedema (12) and anaphylaxis.

BK iN ANAPHYLAXiS AND 
iNFLAMMATORY DiSeASeS

Anaphylaxis
Anaphylaxis can result from serious allergic reactions and immu-
nologic response to allergens and may lead to life-threatening 
swelling episodes (33). Its onset is in the range of a few minutes 
if the allergen entered via the circulatory system to a couple of 
hours if the allergen was ingested. Depending on the type of the 
response, symptoms of anaphylaxis include hypotension, vascular 
leakage, or even cardiac arrhythmia and bronchial constriction 
in severe cases (6). There are common triggers for anaphylactic 
reactions such as food, medications or insect venom with 1–15% 
of the population being susceptible to anaphylaxis (88).

Recent work from our group has shown that this increased 
vascular permeability was mediated by heparin-initiated BK 
formation in mice (5). In this study, it was shown that targeting 
FXII or B2R abrogated heparin-mediated leukocyte adhesion to 
the endothelium and inhibited mast cell-triggered hypotension. 
Ablation of FXII or B2R protected against mast cell-mediated 
leakage in response to allergens and heparin-induced edema. 
Furthermore, our group has also demonstrated that deficiency or 
targeted inhibition of FXII, PK, HK, B2R, but not B1R, resulted 
in a protective effect against anaphylaxis in an allergen/IgE mice 
model. In F12−/− mice, this protective effect could be abolished 
by restoration of plasma FXII levels, confirming the involvement 
of the contact system in this model of anaphylaxis. Analysis of 
human plasma from anaphylactic patients revealed activation 
of the contact system. The degree of anaphylaxis associated with 
levels of mast cell degranulation, heparin levels in the plasma, the 
amount of contact activation, and subsequent BK formation (6).

Abnormal blood coagulation as a result of IgE-triggered 
hypersensitivity has been known for years. Activated partial 
thromboplastin time, a measure of FXIIa-driven coagulation 
is delayed in patients with anaphylaxis and anaphylactic shock 
(89, 90). In contrast, the prothrombin time, which utilizes the 
FXII-independent extrinsic pathway of coagulation, remains 
unchanged in patients with allergen-mediated anaphylaxis, 
suggesting that they mediate their effect only via the intrinsic 
coagulation pathway (11). The plasma of IgE/Ag-challenged mice 
does not clot due to a heparin concentration of >4 μg/ml, which 
is sufficient for initiation of BK formation (5). Therefore, minute 
amounts of heparin may produce BK on the mast cells surface.

Hereditary Angioedema
Dysregulation of the contact system leads to HAE, an autosomal 
dominant disorder that results in recurrent episodes of angi-
oedema of the skin or tissue mucosa. Before the use of prophylactic 
drugs, laryngeal edema and upper airway obstruction were lethal 
in up to one-third of patients (91). It is unknown how prevalent 

HAE is across the world but current estimates propose as many 
as 1/10,000–1/150,000 individuals in Europe (92). HAE is caused 
by either reduced C1INH levels (HAE type I) (93), a defective 
C1INH protein (HAE type II) (94), or hyperactive FXII (HAE 
type III). In HAE type III patients, C1INH functions normally 
and circulates at a normal concentration in plasma. However, a 
single point mutation in FXII (position 309) leads to enhanced 
FXIIa activity by a mechanism that recently has been unraveled 
(95). A defective FXII glycosylation at that single site (Thr309 
that is mutated to Arg or Lys) is the underlying cause of excessive 
FXII activation in HAE type III, suggesting that HAE type III is 
a disease model for gain of function FXII contact activation (96). 
Edema in HAE type III is not associated with thrombosis (96), 
supporting a role of mast cell heparin in activating mutant FXII 
similar to anaphylactic reactions (6). C1INH deficiency increases 
the ability of FXIIa to convert PPK to PKa (97), since C1INH 
inhibits over 90% of plasma FXIIa (94). In murine models, cross-
breeding C1INH-null with B2R-null mice completely rescues the 
leakage phenotype, confirming that BK triggers edema forma-
tion (98). During acute swelling attacks, C1INH infusions, B2R 
antagonists, and PK inhibitors have all been shown to effectively 
block generation of BK (20).

inflammatory Diseases
Vasodilation and vascular permeability are two processes are 
involved in many inflammatory diseases (48), leading to local 
swelling attacks of the dermis and submucosa (99). As an impor-
tant regulator of those processes, the contact system has been 
studied in several inflammatory diseases. In rheumatoid arthritis 
and irritable bowel diseases, for example, high levels of PKa and 
BK have been observed. Furthermore, it was shown in rodent 
rheumatoid arthritis models that inhibition of the contact system 
interferes with arthritis. Moreover, HK deficiency in rats resulted 
in less acute and chronic arthritis (100). The precise role of the 
kinin receptors in rheumatoid arthritis has remained a matter of 
discussions. While B2R receptor deficiency did not affect arthritis 
in a mouse model of anti-collagen antibody-induced arthritis, 
combined deficiency of B2R and B1R attenuated arthritis (101). 
In support of these observations, there are similar findings in 
irritable bowel disease. Patients with ulcerative colitis (UC) 
showed decreased plasma levels of PKa and HK, which indicated 
proteolysis of these precursors and therefore contact system acti-
vation (102). Both kinin receptors are expressed in UC patients 
in intestinal epithelial cells. During active UC, however, B1R is 
significantly upregulated and seems to be the main receptor by 
which BK exerts its deleterious effect in UC (18). Interestingly, 
in a murine dextran sulfate induced colitis model C3, deficiency 
conferred protection from disease development indicating a role 
for the complement system in the disease (103). In the same 
study, the authors showed that treatment with C1INH would also 
reduce the severity of the disease in WT mice. A rat enterocolitis 
model confirmed the clinical observation of decreased plasma 
PKa and HK and intestinal inflammation could be reduced by 
treatment with BK antagonists or HK deficiency in a PG-PS 
model. There are many different animal models that display 
intestinal inflammation and contact system inflammation but 
use different triggering agents (56, 104, 105), suggesting that the 
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contact system is an integral part of the process. Taken together, 
these data indicate that contact activation can be detected in 
most inflammatory diseases and is mostly mediated through BK 
production and its receptors.

Diagnostics Related to the Kallikrein–Kinin 
System
Diagnostics for anaphylaxis are well described in Montanez 
et al. (106). In the case of BK-related anaphylaxis, there are some 
more in vitro assays available. But measuring the concentration 
of BK is very challenging, due to rapid degradation of BK and 
des-Arg9-BK (27  ±  10 and 643  ±  436  s, respectively) (107). 
Therefore, a number of enzymatic assays have been designed to 
circumnavigate this issue by measuring more stable BK-related 
products such as cleaved HK levels (108, 109). Other assays focus 
on C1INH inhibitory capacities by measuring free C1s activity 
(110) and C1INH-protease complexes levels (111).

Amidase Activity Assay
This assay measures the activity of free, active C1s amidase (e.g., 
not bound to C1INH) by the kinetic or endpoint colorimetric 
assay, using the substrate H-d–Pro–Phe–Arg–pNA (110). It was 
demonstrated that spontaneous amidase activity was increased 
in plasma from patients with BK-dependent disorders compared 
to plasma from normal patients. They confirmed increased BK 
production by detecting HK cleavage via Western blot, which also 
correlated with increased kininogenase activity (112).

Cleaved Kininogen Assay
A direct indicator of BK release is cleaved HK (25, 113). The 
reconstitution of liver-synthesized, novel protein is slow. Due to 
the slow recovery of plasma HK levels, the observed distribution 
of HK and HK degradation products gives a robust readout of 
the in vivo BK production and allows for the detection of active 
angioedema (114). The cleaved kininogen assay could be used in 
injury cases where the role of contact system is developing, such 
as in transfusion-related acute lung injury and other detrimental 
blood reactions (115).

Treatments with Drugs against BK 
Formation
The standard treatment for anaphylaxis is adrenaline, but since 
mast cell and contact system activation correlate with the sever-
ity of the response (116), other drugs inhibiting BK formation 
could be also considered. For example, specific inhibitors of 
the kallikrein–kinin system have been shown to be effective at 
preventing BK-mediated HAE attacks. Some severe side effects 
can exist, such as a hypersensitivity to the drug that can induce 
anaphylaxis. The variations in physiological responses demon-
strate the need for detailed mechanistic studies of therapeutics 
that target the contact system. Some of the current therapeutics 
in clinical trials will be discussed in more detail.

Icatibant
Icatibant (Firazyr®; Shire) is a synthetic decapeptide containing 
five non-proteinogenic amino acids (H–d-Arg–Arg–Pro–Hyp– 

Gly–Thi–Ser-d–Tic–Oic–Arg–OH) which resembles the BK- 
peptide and selectively blocks B2R. In contrast to BK, icatibant 
has a relatively long half-life (1–2 h) (117). Several in vitro and 
in vivo pharmacological assays showed that icatibant binds with 
a high-affinity to B2R in guinea pig models (118). Furthermore, 
the anaphylaxis associated BK-induced bronchoconstriction in 
guinea pig models was inhibited with icatibant (119). Consistent 
with animal model data, clinical trials showed the efficacy of 
icatibant and a strong decrease of HAE attacks in treated patients 
(114, 120). Some side effects were observed in 90% of the patients 
treated with icatibant, such as temporally local pain, swelling, 
and erythema at the injection site.

Ecallantide
Ecallantide (Kalbitor®; Dyax, USA) is a potent recombinant 
protein modeled after the human tissue factor pathway inhibitor 
Kunitz 1 domain that inhibits PK (121). To test the efficacy and 
safety in acute attacks, there were two double-blind, placebo-
controlled studies performed in 160 patients with HAE. The 
results of these studies were comparable but the measurement of 
the patients’ reported outcomes was different (122, 123). A known 
risk of ecallantide treatment for acute HAE attacks is hyper-
sensitivity and subsequent anaphylaxis. The clinical relevance 
and post-marketing surveillance are required to determine the 
therapeutic and clinical value (121).

C1INH
Some drugs are available to cover the impropriate function  
of C1INH or C1INH deficiency. These are plasma-derived 
(pd)C1INHs [Berinert® (CSL Behring), Cetor® (Sanquin), and 
Cinryze® (ViroPharma)] or recombinant human (rh)C1INH 
(Ruconest® in Europe, Rhucin® in the USA, Pharming Group 
NV). The pdC1INHs prepared and pasteurized from fraction-
ated plasma. rhC1INH is expressed in the mammary gland of 
transgenic rabbits. Interestingly, both synthetic proteins pro-
duced C1INHs differ in their glycosylation pattern. rhC1INH 
contains less glycosylation than pdC1INH due to its production 
in a heterologous system. Because of the differences in glycosyla-
tion patterns, the rhC1INH can be cleared within 3 h from the 
circulation, in comparison to pdC1INH, which takes more than 
24 h. It is important to know if patients have a rabbit allergy since 
this could induce anaphylaxis upon treatment with rhC1INH 
(121). To confirm the safety of these products, more long-term 
data are necessary.

Avoralstat
Avoralstat (BCX4161) is developed by BioCryst Pharmaceuticals 
Ltd. (Durham, NC, USA) and is a small molecule kallikrein inhib-
itor of oral administration. It is an effective and specific inhibitor 
of PK, as indicated in preclinical studies. One promising study in 
phase IIa was performed with statistically significant mean attack 
reduction for HAE type I and type II (124).

DX-2930
DX-2930 is a recombinant human monoclonal antibody against 
PK produced by Dyax Corp (Burlington, MA, USA) that was 
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developed using phage display. DX-2930 acts as a long-acting 
inhibitor and could be used to prevent HAE attacks (124).

Anti-FXIIa Antibody (3F7)
3F7 is a recombinant, fully humanized antibody (3F7) which 
neutralizes FXIIa by blocking the protease activity of the catalytic 
domain (125). 3F7 blocks the intrinsic clotting cascade in human 
plasma and thrombosis formation in mouse models. Consistent 
with the selective role of FXII in thrombosis but not in hemostatic 
mechanisms, 3F7 thromboprotection is similar to that of heparin 
but there is no change in bleeding. 3F7 interferes with FXII activa-
tion in response to an array of contact activators including polyP 
and heparin (126). In humanized mouse models of HAE type III, 
3F7 inhibits FXIIa and as a consequence prevents edema in ani-
mal models. Supporting a potential use of 3F7 to treat anaphylaxis 
and HAE, the addition of the antibody abolished BK formation in 
patients’ plasma of HAE type III (96).

CONCLUSiON

The FXII-driven contact system plays a role in anaphylaxis and 
angioedema via its ability to increase inflammation and vessel 
permeability. During the onset of these pathologies, the mast 
cell activation releases pro-inflammatory mediators including 
polyP and heparin that can activate the contact system. This 
contact system activation triggers the kallikrein–kinin system 
and the complement pathways that intertwine at many levels, for 

example frequently used control mechanisms, cross-activation, 
and commonly used binding proteins. The abnormal production 
of BK leads to HAE and also plays a role in anaphylaxis that both 
can lead to acute, life-threatening attacks of edema. Therefore, 
it is of interest to study the common pathways between these 
pathologies. There are several novel drugs emerging to interfere 
with contact system activation and possibly other pathologies 
involving HK, BK, and C1INH. Further clinical studies of the 
contact system are required to better understand the connection 
between the contact system and inflammatory-related patholo-
gies like HAE and anaphylaxis.

AUTHOR CONTRiBUTiONS

All authors have made significant intellectual contributions of the 
review. LB, HW and ATL drafted the original manuscript. SRJ and 
TR critically analyzed and gave suggestions for the concept and 
revision that improved content of the text and figures. All authors 
approved the final version of the manuscript.

ACKNOwLeDGMeNTS

This work was supported in part by grants from the German 
Research Society (SFB877, TP A11, and SFB841, TP B8), Stock-
holms läns landsting (ALF, 20160375), Vetenskapsrådet (K2013-
65X-21462-04-5), and a European Research Council grant 
(ERC-StG-2012-311575_F-12) to TR.

ReFeReNCeS

1. Weidmann H, Heikaus L, Long AT, Naudin C, Schlüter H, Renné T. The 
plasma contact system, a protease cascade at the nexus of inflammation, 
coagulation and immunity. Biochim Biophys Acta (2017). doi:10.1016/j.
bbamcr.2017.07.009 

2. Kenne E, Nickel KF, Long AT, Fuchs TA, Stavrou EX, Stahl FR, et al. Factor XII: 
a novel target for safe prevention of thrombosis and inflammation. J Intern 
Med (2015) 278:571–85. doi:10.1111/joim.12430 

3. Nickel KF, Long AT, Fuchs TA, Butler LM, Renne T. Factor XII as a therapeutic 
target in thromboembolic and inflammatory diseases. Arterioscler Thromb 
Vasc Biol (2017) 37:13–20. doi:10.1161/ATVBAHA.116.308595 

4. Schmaier AH. The contact activation and kallikrein/kinin systems: patho-
physiologic and physiologic activities. J Thromb Haemost (2016) 14:28–39. 
doi:10.1111/jth.13194 

5. Oschatz C, Maas C, Lecher B, Jansen T, Bjorkqvist J, Tradler T, et  al. Mast 
cells increase vascular permeability by heparin-initiated bradykinin formation 
in vivo. Immunity (2011) 34:258–68. doi:10.1016/j.immuni.2011.02.008 

6. Sala-Cunill A, Bjorkqvist J, Senter R, Guilarte M, Cardona V, Labrador M, 
et  al. Plasma contact system activation drives anaphylaxis in severe mast 
cell-mediated allergic reactions. J Allergy Clin Immunol (2015) 135:1031–43.
e6. doi:10.1016/j.jaci.2014.07.057 

7. Naudin C, Burillo E, Blankenberg S, Butler L, Renne T. Factor XII contact 
activation. Semin Thromb Hemost (2017). doi:10.1055/s-0036-1598003 

8. Renne T, Gailani D, Meijers JC, Muller-Esterl W. Characterization of the 
H-kininogen-binding site on factor XI: a comparison of factor XI and 
plasma prekallikrein. J Biol Chem (2001) 277:4892–9. doi:10.1074/jbc.
M105221200 

9. Wujak L, Didiasova M, Zakrzewicz D, Frey H, Schaefer L, Wygrecka M. 
Heparan sulfate proteoglycans mediate factor XIIa binding to the cell surface. 
J Biol Chem (2015) 290:7027–39. doi:10.1074/jbc.M114.606343 

10. Ivanov I, Matafonov A, Gailani D. Single-chain factor XII: a new form of 
activated factor XII. Curr Opin Hematol (2017) 24:411–8. doi:10.1097/
MOH.0000000000000363 

11. Long AT, Kenne E, Jung R, Fuchs TA, Renne T. Contact system revisited: an 
interface between inflammation, coagulation, and innate immunity. J Thromb 
Haemost (2016) 14:427–37. doi:10.1111/jth.13235 

12. Ekdahl KN, Teramura Y, Hamad OA, Asif S, Duehrkop C, Fromell K,  
et  al. Dangerous liaisons: complement, coagulation, and kallikrein/kinin 
cross-talk act as a linchpin in the events leading to thromboinflammation. 
Immunol Rev (2016) 274:245–69. doi:10.1111/imr.12471 

13. Herwald H, Dedio J, Kellner R, Loos M, Muller-Esterl W. Isolation and 
characterization of the kininogen-binding protein p33 from endothelial cells. 
Identity with the gC1q receptor. J Biol Chem (1996) 271:13040–7. doi:10.1074/
jbc.271.22.13040 

14. Renne T, Dedio J, Meijers JCM, Chung D, Mueller-Esterl W. Mapping of 
the discontinuous H-kininogen binding site of plasma prekallikrein. J Biol 
Chem (1999) 274:25777–84. doi:10.1074/jbc.274.36.25777 

15. Renne T, Dedio J, David G, Muller-Esterl W. High molecular weight 
kininogen utilizes heparan sulfate proteoglycans for accumulation on 
endothelial cells. J Biol Chem (2000) 275:33688–96. doi:10.1074/jbc. 
M000313200 

16. Renne T, Muller-Esterl W. Cell surface-associated chondroitin sulfate proteo-
glycans bind contact phase factor H-kininogen. FEBS Lett (2001) 500:36–40. 
doi:10.1016/S0014-5793(01)02570-4 

17. Renne T, Schuh K, Muller-Esterl W. Local bradykinin formation is con-
trolled by glycosaminoglycans. J Immunol (2005) 175:3377–85. doi:10.4049/
jimmunol.175.5.3377 

18. Stadnicki A, Pastucha E, Nowaczyk G, Mazurek U, Plewka D, Machnik G,  
et al. Immunolocalization and expression of kinin B1R and B2R receptors in 
human inflammatory bowel disease. Am J Physiol Gastrointest Liver Physiol 
(2005) 289:G361–6. doi:10.1152/ajpgi.00369.2004 

19. Benz PM, Blume C, Moebius J, Oschatz C, Schuh K, Sickmann A, et  al. 
Cytoskeleton assembly at endothelial cell-cell contacts is regulated by 
alphaII-spectrin-VASP complexes. J Cell Biol (2008) 180:205–19. doi:10.1083/
jcb.200709181 

20. Bjorkqvist J, Jamsa A, Renne T. Plasma kallikrein: the bradykinin-producing 
enzyme. Thromb Haemost (2013) 110:399–407. doi:10.1160/TH13-03-0258 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.bbamcr.
2017.07.009
https://doi.org/10.1016/j.bbamcr.
2017.07.009
https://doi.org/10.1111/joim.12430
https://doi.org/10.1161/ATVBAHA.116.308595
https://doi.org/10.1111/jth.13194
https://doi.org/10.1016/j.immuni.2011.02.008
https://doi.org/10.1016/j.jaci.2014.07.057
https://doi.org/10.1055/s-0036-1598003
https://doi.org/10.1074/jbc.M105221200
https://doi.org/10.1074/jbc.M105221200
https://doi.org/10.1074/jbc.M114.606343
https://doi.org/10.1097/MOH.0000000000000363
https://doi.org/10.1097/MOH.0000000000000363
https://doi.org/10.1111/jth.13235
https://doi.org/10.1111/imr.12471
https://doi.org/10.1074/jbc.271.22.13040
https://doi.org/10.1074/jbc.271.22.13040
https://doi.org/10.1074/jbc.274.36.25777
https://doi.org/10.1074/jbc.
M000313200
https://doi.org/10.1074/jbc.
M000313200
https://doi.org/10.1016/S0014-5793(01)02570-4
https://doi.org/10.4049/jimmunol.175.5.3377
https://doi.org/10.4049/jimmunol.175.5.3377
https://doi.org/10.1152/ajpgi.00369.2004
https://doi.org/10.1083/jcb.200709181
https://doi.org/10.1083/jcb.200709181
https://doi.org/10.1160/TH13-03-0258


9

Bender et al. BK in Anaphylaxis

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1115

21. Ghebrehiwet B, Kaplan AP, Joseph K, Peerschke EI. The complement and 
contact activation systems: partnership in pathogenesis beyond angioedema. 
Immunol Rev (2016) 274:281–9. doi:10.1111/imr.12469 

22. Maubach KA, Grundy D. The role of prostaglandins in the bradykinin- 
induced activation of serosal afferents of the rat jejunum in  vitro. J Physiol 
(1999) 515(Pt 1):277–85. doi:10.1111/j.1469-7793.1999.277ad.x 

23. Turner P, Dear J, Scadding G, Foreman JC. Role of kinins in seasonal allergic 
rhinitis: icatibant, a bradykinin B2 receptor antagonist, abolishes the hyperres-
ponsiveness and nasal eosinophilia induced by antigen. J Allergy Clin Immunol 
(2001) 107:105–13. doi:10.1067/mai.2001.111145 

24. Kaplan AP, Joseph K, Silverberg M. Pathways for bradykinin formation 
and inflammatory disease. J Allergy Clin Immunol (2002) 109:195–209. 
doi:10.1067/mai.2002.121316 

25. Hofman ZLM, De Maat S, Suffritti C, Zanichelli A, Van Doorn C,  
Sebastian SAE, et al. Cleaved kininogen as a biomarker for bradykinin release 
in hereditary angioedema. J Allergy Clin Immunol (2017). doi:10.1016/j.
jaci.2017.07.012 

26. Kaplan AP. The bradykinin-forming cascade: a historical perspective. Chem 
Immunol Allergy (2014) 100:205–13. doi:10.1159/000358739 

27. Dutra RC. Kinin receptors: key regulators of autoimmunity. Autoimmun Rev 
(2017) 16:192–207. doi:10.1016/j.autrev.2016.12.011 

28. Walker K, Perkins M, Dray A. Kinins and kinin receptors in the nervous 
system. Neurochem Int (1995) 26:1–16; discussion 17–26. doi:10.1016/0197- 
0186(94)00114-A 

29. Asraf K, Torika N, Danon A, Fleisher-Berkovich S. Involvement of the brady-
kinin B1 receptor in microglial activation: in vitro and in vivo studies. Front 
Endocrinol (2017) 8:82. doi:10.3389/fendo.2017.00082 

30. Austinat M, Braeuninger S, Pesquero JB, Brede M, Bader M, Stoll G, et al. 
Blockade of bradykinin receptor B1 but not bradykinin receptor B2 pro-
vides protection from cerebral infarction and brain edema. Stroke (2009) 
40:285–93. doi:10.1161/STROKEAHA.108.526673 

31. Gobel K, Pankratz S, Asaridou CM, Herrmann AM, Bittner S, Merker M, 
et al. Blood coagulation factor XII drives adaptive immunity during neuroin-
flammation via CD87-mediated modulation of dendritic cells. Nat Commun 
(2016) 7:11626. doi:10.1038/ncomms11626 

32. Hopp S, Nolte MW, Stetter C, Kleinschnitz C, Siren AL, Albert-Weissenberger C.  
Alleviation of secondary brain injury, posttraumatic inflammation, and brain 
edema formation by inhibition of factor XIIa. J Neuroinflammation (2017) 
14:39. doi:10.1186/s12974-017-0815-8 

33. Brown SG, Stone SF, Fatovich DM, Burrows SA, Holdgate A, Celenza A, et al. 
Anaphylaxis: clinical patterns, mediator release, and severity. J Allergy Clin 
Immunol (2013) 132:1141–9.e5. doi:10.1016/j.jaci.2013.06.015 

34. Ringvall M, Ronnberg E, Wernersson S, Duelli A, Henningsson F, Abrink M, 
et al. Serotonin and histamine storage in mast cell secretory granules is depen-
dent on serglycin proteoglycan. J Allergy Clin Immunol (2008) 121:1020–6. 
doi:10.1016/j.jaci.2007.11.031 

35. Galli SJ, Tsai M. IgE and mast cells in allergic disease. Nat Med (2012) 
18:693–704. doi:10.1038/nm.2755 

36. Lieberman P, Garvey LH. Mast cells and anaphylaxis. Curr Allergy Asthma Rep 
(2016) 16:20. doi:10.1007/s11882-016-0598-5 

37. Peavy RD, Metcalfe DD. Understanding the mechanisms of anaphylaxis. Curr 
Opin Allergy Clin Immunol (2008) 8:310–5. doi:10.1097/ACI.0b013e3283036a90 

38. Imura Y, Terashita Z, Nishikawa K. Possible role of platelet activating factor 
(PAF) in disseminated intravascular coagulation (DIC), evidenced by use 
of a PAF antagonist, CV-3988. Life Sci (1986) 39:111–7. doi:10.1016/0024- 
3205(86)90444-3 

39. Ayala A, Chaudry IH. Platelet activating factor and its role in trauma, shock, 
and sepsis. New Horiz (1996) 4:265–75. 

40. Butterfield JH, Weiler CR. Prevention of mast cell activation disorder- 
associated clinical sequelae of excessive prostaglandin D(2) production. Int 
Arch Allergy Immunol (2008) 147:338–43. doi:10.1159/000144042 

41. Weiss JW, Drazen JM, Coles N, Mcfadden ER, Weller PF, Corey EJ, et  al. 
Bronchoconstrictor effects of leukotriene-C in humans. Science (1982) 
216:196–8. doi:10.1126/science.7063880 

42. Weiss JW, Drazen JM, Mcfadden ER, Lewis R, Weller P, Corey EJ, et  al. 
Comparative bronchoconstrictor effects of histamine and leukotriene-C and 
leukotriene-D (LTC and LTD) in normal human volunteers. Clin Res (1982) 
30:A571. 

43. Barnes NC, Piper PJ, Costello JF. Comparative effects of inhaled leukotriene 
C4, leukotriene D4, and histamine in normal human subjects. Thorax (1984) 
39:500–4. doi:10.1136/thx.39.7.500 

44. Csaba G, Kovacs P, Buzas E, Mazan M, Pallinger E. Serotonin content is elevated 
in the immune cells of histidine decarboxylase gene knock-out (HDCKO) 
mice. Focus on mast cells. Inflamm Res (2007) 56:89–92. doi:10.1007/s00011- 
006-6102-2 

45. Yurt RW, Leid RW, Spragg J, Austen KF. Immunologic release of heparin from 
purified rat peritoneal mast cells. J Immunol (1977) 118:1201–7. 

46. Chuang W-L, Christ MD, Peng J, Rabenstein DL. An NMR and molecular 
modeling study of the site-specific binding of histamine by heparin, chem-
ically modified heparin, and heparin-derived oligosaccharides. Biochemistry 
(2000) 39:3542–55. doi:10.1021/bi9926025 

47. Zuberbier T, Aberer W, Asero R, Bindslev-Jensen C, Brzoza Z, Canonica GW, 
et al. The EAACI/GA2LEN/EDF/WAO guideline for the definition, classifica-
tion, diagnosis, and management of urticaria: the 2013 revision and update. 
Allergy (2014) 69:868–87. doi:10.1111/all.12313 

48. Nussberger J, Cugno M, Cicardi M. Bradykinin-mediated angioedema. N Engl 
J Med (2002) 347:621–2. doi:10.1056/NEJM200208223470820 

49. Hofman Z, De Maat S, Hack CE, Maas C. Bradykinin: inflammatory product 
of the coagulation system. Clin Rev Allergy Immunol (2016) 51:152–61. 
doi:10.1007/s12016-016-8540-0 

50. Puri N, Roche PA. Mast cells possess distinct secretory granule subsets whose 
exocytosis is regulated by different SNARE isoforms. Proc Natl Acad Sci U S A 
(2008) 105:2580–5. doi:10.1073/pnas.0707854105 

51. Moreno-Sanchez D, Hernandez-Ruiz L, Ruiz FA, Docampo R. Polyphosphate 
is a novel pro-inflammatory regulator of mast cells and is located in acido-
calcisomes. J Biol Chem (2012) 287:28435–44. doi:10.1074/jbc.M112.385823 

52. Theoharides TC, Bondy PK, Tsakalos ND, Askenase PW. Differential release 
of serotonin and histamine from mast cells. Nature (1982) 297:229–31. 
doi:10.1038/297229a0 

53. Tamir H, Theoharides TC, Gershon MD, Askenase PW. Serotonin storage 
pools in basophil leukemia and mast cells: characterization of two types of 
serotonin binding protein and radioautographic analysis of the intracellular 
distribution of [3H]serotonin. J Cell Biol (1982) 93:638–47. doi:10.1083/
jcb.93.3.638 

54. Escribese MM, Rosace D, Chivato T, Fernandez TD, Corbi AL, Barber D. 
Alternative anaphylactic routes: the potential role of macrophages. Front 
Immunol (2017) 8:515. doi:10.3389/fimmu.2017.00515 

55. Maas C, Oschatz C, Renne T. The plasma contact system 2.0. Semin Thromb 
Hemost (2011) 37:375–81. doi:10.1055/s-0031-1276586 

56. Guerrini M, Beccati D, Shriver Z, Naggi A, Viswanathan K, Bisio A, et al. 
Oversulfated chondroitin sulfate is a contaminant in heparin associated 
with adverse clinical events. Nat Biotechnol (2008) 26:669–75. doi:10.1038/
nbt1407 

57. Kishimoto TK, Viswanathan K, Ganguly T, Elankumaran S, Smith S, Pelzer K, 
et al. Contaminated heparin associated with adverse clinical events and acti-
vation of the contact system. N Engl J Med (2008) 358:2457–67. doi:10.1056/
NEJMoa0803200 

58. Muller F, Mutch NJ, Schenk WA, Smith SA, Esterl L, Spronk HM, et al. Platelet 
polyphosphates are proinflammatory and procoagulant mediators in vivo. Cell 
(2009) 139:1143–56. doi:10.1016/j.cell.2009.11.001 

59. Smith SA, Choi SH, Davis-Harrison R, Huyck J, Boettcher J, Rienstra CM, 
et al. Polyphosphate exerts differential effects on blood clotting, depending on 
polymer size. Blood (2010) 116:4353–9. doi:10.1182/blood-2010-01-266791 

60. Donovan AJ, Kalkowski J, Szymusiak M, Wang C, Smith SA, Klie RF, et al. 
Artificial dense granules: a procoagulant liposomal formulation modeled after 
platelet polyphosphate storage pools. Biomacromolecules (2016) 17:2572–81. 
doi:10.1021/acs.biomac.6b00577 

61. Nickel KF, Spronk HM, Mutch NJ, Renné T. Time-dependent degradation 
and tissue factor addition mask the ability of platelet polyphosphates in 
activating factor XII-mediated coagulation. Blood (2013) 122:3847–9. 
doi:10.1182/blood-2013-09-525840 

62. Labberton L, Long AT, Gendler SJ, Snozek CL, Stavrou EX, Nickel KF, et al. 
A flow cytometry-based assay for procoagulant platelet polyphosphate. 
Cytometry B Clin Cytom (2016). doi:10.1002/cyto.b.21492 

63. Maas C. Polyphosphate strikes back. Blood (2016) 128:2754–6. doi:10.1182/
blood-2016-10-743906 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/imr.12469
https://doi.org/10.1111/j.1469-7793.1999.277ad.x
https://doi.org/10.1067/mai.2001.111145
https://doi.org/10.1067/mai.2002.121316
https://doi.org/10.1016/j.jaci.2017.07.012
https://doi.org/10.1016/j.jaci.2017.07.012
https://doi.org/10.1159/000358739
https://doi.org/10.1016/j.autrev.2016.12.011
https://doi.org/10.1016/0197-0186(94)00114-A
https://doi.org/10.1016/0197-0186(94)00114-A
https://doi.org/10.3389/fendo.2017.00082
https://doi.org/10.1161/STROKEAHA.108.526673
https://doi.org/10.1038/ncomms11626
https://doi.org/10.1186/s12974-017-0815-8
https://doi.org/10.1016/j.jaci.2013.06.015
https://doi.org/10.1016/j.jaci.2007.11.031
https://doi.org/10.1038/nm.2755
https://doi.org/10.1007/s11882-016-0598-5
https://doi.org/10.1097/ACI.0b013e3283036a90
https://doi.org/10.1016/0024-3205(86)90444-3
https://doi.org/10.1016/0024-3205(86)90444-3
https://doi.org/10.1159/000144042
https://doi.org/10.1126/science.7063880
https://doi.org/10.1136/thx.39.7.500
https://doi.org/10.1007/s00011-006-6102-2
https://doi.org/10.1007/s00011-006-6102-2
https://doi.org/10.1021/bi9926025
https://doi.org/10.1111/all.12313
https://doi.org/10.1056/NEJM200208223470820
https://doi.org/10.1007/s12016-016-8540-0
https://doi.org/10.1073/pnas.0707854105
https://doi.org/10.1074/jbc.M112.385823
https://doi.org/10.1038/297229a0
https://doi.org/10.1083/jcb.93.3.638
https://doi.org/10.1083/jcb.93.3.638
https://doi.org/10.3389/fimmu.2017.00515
https://doi.org/10.1055/s-0031-1276586
https://doi.org/10.1038/nbt1407
https://doi.org/10.1038/nbt1407
https://doi.org/10.1056/NEJMoa0803200
https://doi.org/10.1056/NEJMoa0803200
https://doi.org/10.1016/j.cell.2009.11.001
https://doi.org/10.1182/blood-2010-01-
266791
https://doi.org/10.1021/acs.biomac.6b00577
https://doi.org/10.1182/blood-2013-09-525840
https://doi.org/10.1002/cyto.b.21492
https://doi.org/10.1182/blood-2016-10-743906
https://doi.org/10.1182/blood-2016-10-743906


10

Bender et al. BK in Anaphylaxis

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1115

64. Verheof J, Barendrecht A, Nickel K, Dijkxhoorn K, Kenne E, Labberton L, et al. 
Polyphosphate nanoparticles on the platelet surface trigger contact system 
activation. Blood (2017) 129:1707–17. doi:10.1182/blood-2016-08-734988 

65. Castaldi PA, Caen J. Platelet fibrinogen. J Clin Pathol (1965) 18:579–85. 
doi:10.1136/jcp.18.5.579 

66. Walsh PN, Griffin JH. Platelet-coagulant protein interactions in contact acti-
vation. Ann N Y Acad Sci (1981) 370:241–52. doi:10.1111/j.1749-6632.1981.
tb29737.x 

67. Pivalizza EG. Perioperative use of the Thrombelastograph in patients with 
inherited bleeding disorders. J Clin Anesth (2003) 15:366–70. doi:10.1016/
S0952-8180(03)00022-9 

68. Nielsen VG, Cohen BM, Cohen E. Effects of coagulation factor deficiency 
on plasma coagulation kinetics determined via thrombelastography: critical 
roles of fibrinogen and factors II, VII, X and XII. Acta Anaesthesiol Scand 
(2005) 49:222–31. doi:10.1111/j.1399-6576.2005.00602.x 

69. Johne J, Blume C, Benz PM, Pozgajova M, Ullrich M, Schuh K, et al. Platelets 
promote coagulation factor XII-mediated proteolytic cascade systems in 
plasma. Biol Chem (2006) 387:173–8. doi:10.1515/BC.2006.023 

70. Back J, Sanchez J, Elgue G, Ekdahl KN, Nilsson B. Activated human platelets 
induce factor XIIa-mediated contact activation. Biochem Biophys Res Commun 
(2010) 391:11–7. doi:10.1016/j.bbrc.2009.10.123 

71. Labberton L, Kenne E, Long AT, Nickel KF, Di Gennaro A, Rigg RA, et al. 
Neutralizing blood-borne polyphosphate in vivo provides safe thrombopro-
tection. Nat Commun (2016) 7:12616. doi:10.1038/ncomms12616 

72. Smith SA, Morrissey JH. Polyphosphate enhances fibrin clot structure. Blood 
(2008) 112:2810–6. doi:10.1182/blood-2008-03-145755 

73. Janeway  CA Jr, Travers P, Walport M, Shlomchik MJ. The complement system 
and innate immunity. Immunobiology: The Immune System in Health and 
Disease. New York: Garland Science (2001).

74. Oikonomopoulou K, Ricklin D, Ward PA, Lambris JD. Interactions 
between coagulation and complement – their role in inflammation. Semin 
Immunopathol (2012) 34:151–65. doi:10.1007/s00281-011-0280-x 

75. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system 
for immune surveillance and homeostasis. Nat Immunol (2010) 11:785–97. 
doi:10.1038/ni.1923 

76. Gennaro R, Simonic T, Negri A, Mottola C, Secchi C, Ronchi S, et  al. C5a 
fragment of bovine complement. Purification, bioassays, amino-acid sequence 
and other structural studies. Eur J Biochem (1986) 155:77–86. doi:10.1111/j. 
1432-1033.1986.tb09460.x 

77. Zwirner J, Gotze O, Sieber A, Kapp A, Begemann G, Zuberbier T, et al. The 
human mast cell line HMC-1 binds and responds to C3a but not C3a(desArg). 
Scand J Immunol (1998) 47:19–24. doi:10.1046/j.1365-3083.1998.00250.x 

78. Khodoun M, Strait R, Orekov T, Hogan S, Karasuyama H, Herbert DR, et al. 
Peanuts can contribute to anaphylactic shock by activating complement. 
J Allergy Clin Immunol (2009) 123:342–51. doi:10.1016/j.jaci.2008.11.004 

79. Sim RB, Reboul A, Arlaud GJ, Villiers CL, Colomb MG. Interaction of 
125I-labelled complement subcomponents C-1r and C-1s with protease inhibi-
tors in plasma. FEBS Lett (1979) 97:111–5. doi:10.1016/0014-5793(79)80063-0 

80. Ghebrehiwet B, Silverberg M, Kaplan AP. Activation of the classical pathway 
of complement by Hageman factor fragment. J Exp Med (1981) 153:665–76. 
doi:10.1084/jem.153.3.665 

81. Ghebrehiwet B, Randazzo BP, Dunn JT, Silverberg M, Kaplan AP. Mechanisms 
of activation of the classical pathway of complement by Hageman factor 
fragment. J Clin Invest (1983) 71:1450–6. doi:10.1172/JCI110898 

82. Matsushita M, Thiel S, Jensenius JC, Terai I, Fujita T. Proteolytic activities of 
two types of mannose-binding lectin-associated serine protease. J Immunol 
(2000) 165:2637–42. doi:10.4049/jimmunol.165.5.2637 

83. Jiang H, Wagner E, Zhang H, Frank MM. Complement 1 inhibitor is a regu-
lator of the alternative complement pathway. J Exp Med (2001) 194:1609–16. 
doi:10.1084/jem.194.11.1609 

84. Amara U, Flierl MA, Rittirsch D, Klos A, Chen H, Acker B, et al. Molecular 
intercommunication between the complement and coagulation systems. 
J Immunol (2010) 185:5628–36. doi:10.4049/jimmunol.0903678 

85. La Bonte LR, Pavlov VI, Tan YS, Takahashi K, Takahashi M, Banda NK, et al. 
Mannose-binding lectin-associated serine protease-1 is a significant contrib-
utor to coagulation in a murine model of occlusive thrombosis. J Immunol 
(2012) 188:885–91. doi:10.4049/jimmunol.1102916 

86. DiScipio RG. The activation of the alternative pathway C3 convertase by 
human plasma kallikrein. Immunology (1982) 45:587–95. 

87. Wiggins RC, Giclas PC, Henson PM. Chemotactic activity generated from 
the fifth component of complement by plasma kallikrein of the rabbit. J Exp 
Med (1981) 153:1391–404. doi:10.1084/jem.153.6.1391 

88. Wood RA, Camargo  CA Jr, Lieberman P, Sampson HA, Schwartz LB, Zitt M,  
et  al. Anaphylaxis in America: the prevalence and characteristics of ana-
phylaxis in the United States. J Allergy Clin Immunol (2014) 133:461–7. 
doi:10.1016/j.jaci.2013.08.016 

89. Mazzi G, Raineri A, Lacava E, De Roia D, Santarossa L, Orazi BM. Primary 
hyperfibrinogenolysis in a patient with anaphylactic shock. Haematologica 
(1994) 79:283–5. 

90. Lombardini C, Helia RE, Boehlen F, Merlani P. “Heparinization” and 
hyperfibrinogenolysis by wasp sting. Am J Emerg Med (2009) 27:1176.e1–3. 
doi:10.1016/j.ajem.2009.02.005 

91. Bork K, Bygum A, Hardt J. Benefits and risks of danazol in hereditary 
angioedema: a long-term survey of 118 patients. Ann Allergy Asthma 
Immunol (2008) 100:153–61. doi:10.1016/S1081-1206(10)60424-3 

92. Mallbris L, Nordenfelt P, Bjorkander J, Lindfors A, Werner S, Wahlgren CF. 
The establishment and utility of Sweha-Reg: a Swedish population-based 
registry to understand hereditary angioedema. BMC Dermatol (2007) 7:6. 
doi:10.1186/1471-5945-7-6 

93. Cicardi M, Aberer W, Banerji A, Bas M, Bernstein JA, Bork K, et  al. 
Classification, diagnosis, and approach to treatment for angioedema: consen-
sus report from the Hereditary Angioedema International Working Group. 
Allergy (2014) 69:602–16. doi:10.1111/all.12380 

94. Kaplan AP, Ghebrehiwet B. The plasma bradykinin-forming pathways and 
its interrelationships with complement. Mol Immunol (2010) 47:2161–9. 
doi:10.1016/j.molimm.2010.05.010 

95. Cichon S, Martin L, Hennies HC, Muller F, Van Driessche K, Karpushova A, 
et al. Increased activity of coagulation factor XII (Hageman factor) causes 
hereditary angioedema type III. Am J Hum Genet (2006) 79:1098–104. 
doi:10.1086/509899 

96. Björkqvist J, De Maat S, Lewandrowski U, Di Gennaro A, Oschatz C, Schönig K,  
et al. Defective glycosylation of coagulation factor XII underlies hereditary 
angioedema type III. J Clin Invest (2015) 125:3132–46. doi:10.1172/JCI77139 

97. Müller F, Renné T. Novel roles for factor XII-driven plasma contact 
activation system. Curr Opin Hematol (2008) 15:516–21. doi:10.1097/
MOH.0b013e328309ec85 

98. Han ED, Macfarlane RC, Mulligan AN, Scafidi J, Davis  AE III. Increased vas-
cular permeability in C1 inhibitor-deficient mice mediated by the bradykinin 
type 2 receptor. J Clin Invest (2002) 109:1057–63. doi:10.1172/JCI200214211 

99. de Maat S, Bjorkqvist J, Suffritti C, Wiesenekker CP, Nagtegaal W, Koekman A,  
et al. Plasmin is a natural trigger for bradykinin production in patients with 
hereditary angioedema with factor XII mutations. J Allergy Clin Immunol 
(2016) 138:1414–23.e9. doi:10.1016/j.jaci.2016.02.021 

100. Sainz IM, Isordia-Salas I, Castaneda JL, Agelan A, Liu B, Dela Cadena RA, 
et al. Modulation of inflammation by kininogen deficiency in a rat model 
of inflammatory arthritis. Arthritis Rheum (2005) 52:2549–52. doi:10.1002/
art.21202 

101. Xie Z, Dai J, Yang A, Wu Y. A role for bradykinin in the development of 
anti-collagen antibody-induced arthritis. Rheumatology (Oxford) (2014) 
53:1301–6. doi:10.1093/rheumatology/keu015 

102. Stadnicki A, Gonciarz M, Niewiarowski TJ, Hartleb J, Rudnicki M,  
Merrell NB, et  al. Activation of plasma contact and coagulation systems 
and neutrophils in the active phase of ulcerative colitis. Dig Dis Sci (1997) 
42:2356–66. doi:10.1023/A:1018891323205 

103. Lu F, Fernandes SM, Davis  AE III. The role of the complement and contact 
systems in the dextran sulfate sodium-induced colitis model: the effect of 
C1 inhibitor in inflammatory bowel disease. Am J Physiol Gastrointest Liver 
Physiol (2010) 298:G878–83. doi:10.1152/ajpgi.00400.2009 

104. Stadnicki A, Sartor RB, Janardham R, Stadnicka I, Adam AA, Blais  C Jr, 
et al. Kallikrein-kininogen system activation and bradykinin (B2) receptors 
in indomethacin induced enterocolitis in genetically susceptible Lewis rats. 
Gut (1998) 43:365–74. doi:10.1136/gut.43.3.365 

105. Isordia-Salas I, Pixley RA, Li F, Sainz I, Sartor RB, Adam A, et al. Kininogen 
deficiency modulates chronic intestinal inflammation in genetically sus-
ceptible rats. Am J Physiol Gastrointest Liver Physiol (2002) 283:G180–6. 
doi:10.1152/ajpgi.00514.2001 

106. Montanez MI, Mayorga C, Bogas G, Barrionuevo E, Fernandez-Santamaria R,  
Martin-Serrano A, et  al. Epidemiology, mechanisms, and diagnosis of 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1182/blood-2016-08-734988
https://doi.org/10.1136/jcp.18.5.579
https://doi.org/10.1111/j.1749-6632.1981.tb29737.x
https://doi.org/10.1111/j.1749-6632.1981.tb29737.x
https://doi.org/10.1016/S0952-8180(03)00022-9
https://doi.org/10.1016/S0952-8180(03)00022-9
https://doi.org/10.1111/j.1399-6576.2005.00602.x
https://doi.org/10.1515/BC.2006.023
https://doi.org/10.1016/j.bbrc.2009.10.123
https://doi.org/10.1038/ncomms12616
https://doi.org/10.1182/blood-2008-03-145755
https://doi.org/10.1007/s00281-011-0280-x
https://doi.org/10.1038/ni.1923
https://doi.org/10.1111/j.1432-1033.1986.tb09460.x
https://doi.org/10.1111/j.1432-1033.1986.tb09460.x
https://doi.org/10.1046/j.1365-3083.1998.00250.x
https://doi.org/10.1016/j.jaci.2008.11.004
https://doi.org/10.1016/0014-5793(79)80063-0
https://doi.org/10.1084/jem.153.3.665
https://doi.org/10.1172/JCI110898
https://doi.org/10.4049/jimmunol.165.5.2637
https://doi.org/10.1084/jem.194.11.1609
https://doi.org/10.4049/jimmunol.0903678
https://doi.org/10.4049/jimmunol.1102916
https://doi.org/10.1084/jem.153.6.1391
https://doi.org/10.1016/j.jaci.2013.08.016
https://doi.org/10.1016/j.ajem.2009.02.005
https://doi.org/10.1016/S1081-1206(10)60424-3
https://doi.org/10.1186/1471-5945-7-6
https://doi.org/10.1111/all.12380
https://doi.org/10.1016/j.molimm.2010.05.010
https://doi.org/10.1086/509899
https://doi.org/10.1172/JCI77139
https://doi.org/10.1097/MOH.0b013e328309ec85
https://doi.org/10.1097/MOH.0b013e328309ec85
https://doi.org/10.1172/JCI200214211
https://doi.org/10.1016/j.jaci.2016.02.021
https://doi.org/10.1002/art.21202
https://doi.org/10.1002/art.21202
https://doi.org/10.1093/rheumatology/keu015
https://doi.org/10.1023/A:1018891323205
https://doi.org/10.1152/ajpgi.00400.2009
https://doi.org/10.1136/gut.43.3.365
https://doi.org/10.1152/ajpgi.00514.2001


11

Bender et al. BK in Anaphylaxis

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1115

drug-induced anaphylaxis. Front Immunol (2017) 8:614. doi:10.3389/fimmu. 
2017.00614 

107. Cyr M, Lepage Y, Blais C Jr, Gervais N, Cugno M, Rouleau JL, et al. Bradykinin 
and des-Arg9-bradykinin metabolic pathways and kinetics of activation of 
human plasma. Am J Physiol Heart Circ Physiol (2001) 281:H275–83. 

108. Drouet C, Desormeaux A, Robillard J, Ponard D, Bouillet L, Martin L, et al. 
Metallopeptidase activities in hereditary angioedema: effect of androgen 
prophylaxis on plasma aminopeptidase P. J Allergy Clin Immunol (2008) 
121:429–33. doi:10.1016/j.jaci.2007.10.048 

109. Ghannam A, Sellier P, Defendi F, Favier B, Charignon D, Lopez-Lera A, et al. 
C1 inhibitor function using contact-phase proteases as target: evaluation of 
an innovative assay. Allergy (2015) 70:1103–11. doi:10.1111/all.12657 

110. Csuka D, Veszeli N, Varga L, Prohászka Z, Farkas H. The role of the com-
plement system in hereditary angioedema. Mol Immunol (2017) 89:59–68. 
doi:10.1016/j.molimm.2017.05.020 

111. Joseph K, Bains S, Tholanikunnel BG, Bygum A, Aabom A, Koch C, et al.  
A novel assay to diagnose hereditary angioedema utilizing inhibition of  
bradykinin-forming enzymes. Allergy (2015) 70:115–9. doi:10.1111/all.12520 

112. Defendi F, Charignon D, Ghannam A, Baroso R, Csopaki F, Allegret-Cadet M,  
et  al. Enzymatic assays for the diagnosis of bradykinin-dependent 
angioedema. PLoS One (2013) 8:e70140. doi:10.1371/journal.pone.0070140 

113. Baroso R, Sellier P, Defendi F, Charignon D, Ghannam A, Habib M, 
et  al. Kininogen cleavage assay: diagnostic assistance for kinin-mediated 
angioedema conditions. PLoS One (2016) 11:e0163958. doi:10.1371/journal.
pone.0163958 

114. Cicardi M, Banerji A, Bracho F, Malbrán A, Rosenkranz B, Riedl M, et al. 
Icatibant, a new bradykinin-receptor antagonist, in hereditary angioedema. 
N Engl J Med (2010) 363:532–41. doi:10.1056/NEJMoa0906393 

115. Drouet C, Khoy K, Masson D, Bardy B, Giannoli C, Dubois V. [The immu-
nological conflict in the transfusion-related acute lung injury or TRALI]. 
Transfus Clin Biol (2011) 18:224–9. doi:10.1016/j.tracli.2011.02.010 

116. Guilarte M, Sala-Cunill A, Luengo O, Labrador-Horrillo M, Cardona V. The 
mast cell, contact, and coagulation system connection in anaphylaxis. Front 
Immunol (2017) 8:846. doi:10.3389/fimmu.2017.00846 

117. Ghazi A, Grant JA. Hereditary angioedema: epidemiology, management, and 
role of icatibant. Biologics (2013) 7:103–13. doi:10.2147/BTT.S27566 

118. Hock FJ, Wirth K, Albus U, Linz W, Gerhards HJ, Wiemer G, et  al. Hoe 
140 a new potent and long acting bradykinin-antagonist: in  vitro studies. 
Br J Pharmacol (1991) 102:769–73. doi:10.1111/j.1476-5381.1991.tb12248.x 

119. Wirth K, Hock FJ, Albus U, Linz W, Alpermann HG, Anagnostopoulos A, 
et al. Hoe 140 a new potent and long acting bradykinin-antagonist: in vivo 

studies. Br J Pharmacol (1991) 102:774–7. doi:10.1111/j.1476-5381.1991.
tb12249.x 

120. Lumry WR, Li HH, Levy RJ, Potter PC, Farkas H, Reshef A, et al. Results 
from FAST-3: a phase III randomized, double-blind, placebo-controlled, 
multicenter study of subcutaneous icatibant in patients with acute hered-
itary angioedema (HAE) attacks. J Allergy Clin Immunol (2011) 127:AB1. 
doi:10.1016/j.jaci.2011.01.004 

121. Cicardi M, Bork K, Caballero T, Craig T, Li HH, Longhurst H, et al. Evidence-
based recommendations for the therapeutic management of angioedema 
owing to hereditary C1 inhibitor deficiency: consensus report of an Inter-
national Working Group. Allergy (2012) 67:147–57. doi:10.1111/j.1398-9995. 
2011.02751.x 

122. Cicardi M, Levy RJ, Mcneil DL, Li HH, Sheffer AL, Campion M, et  al. 
Ecallantide for the treatment of acute attacks in hereditary angioedema.  
N Engl J Med (2010) 363:523–31. doi:10.1056/NEJMoa0905079 

123. Levy RJ, Lumry WR, Mcneil DL, Li HH, Campion M, Horn PT, et  al. 
EDEMA4: a phase 3, double-blind study of subcutaneous ecallantide 
treatment for acute attacks of hereditary angioedema. Ann Allergy Asthma 
Immunol (2010) 104:523–9. doi:10.1016/j.anai.2010.04.012 

124. Bork K. A decade of change: recent developments in pharmacotherapy of 
hereditary angioedema (HAE). Clin Rev Allergy Immunol (2016) 51:183–92. 
doi:10.1007/s12016-016-8544-9 

125. Worm M, Kohler EC, Panda R, Long A, Butler LM, Stavrou EX, et  al. 
The factor XIIa blocking antibody 3F7: a safe anticoagulant with anti- 
inflammatory activities. Ann Transl Med (2015) 3:247. doi:10.3978/j.issn. 
2305-5839.2015.09.07 

126. Larsson M, Rayzman V, Nolte MW, Nickel KF, Björkqvist J, Jämsä A, et al. 
A factor XIIa inhibitory antibody provides thromboprotection in extracor-
poreal circulation without increasing bleeding risk. Sci Transl Med (2014) 
6:1–13. doi:10.1126/scitranslmed.3006804 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Bender, Weidmann, Rose-John, Renné and Long. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fimmu.2017.00614
https://doi.org/10.3389/fimmu.2017.00614
https://doi.org/10.1016/j.jaci.2007.10.048
https://doi.org/10.1111/all.12657
https://doi.org/10.1016/j.molimm.2017.05.020
https://doi.org/10.1111/all.12520
https://doi.org/10.1371/journal.pone.0070140
https://doi.org/10.1371/journal.pone.0163958
https://doi.org/10.1371/journal.pone.0163958
https://doi.org/10.1056/NEJMoa0906393
https://doi.org/10.1016/j.tracli.2011.02.010
https://doi.org/10.3389/fimmu.2017.00846
https://doi.org/10.2147/BTT.S27566
https://doi.org/10.1111/j.1476-5381.1991.tb12248.x
https://doi.org/10.1111/j.1476-5381.1991.tb12249.x
https://doi.org/10.1111/j.1476-5381.1991.tb12249.x
https://doi.org/10.1016/j.jaci.2011.01.004
https://doi.org/10.1111/j.1398-9995.2011.02751.x
https://doi.org/10.1111/j.1398-9995.2011.02751.x
https://doi.org/10.1056/NEJMoa0905079
https://doi.org/10.1016/j.anai.2010.04.012
https://doi.org/10.1007/s12016-016-8544-9
https://doi.org/10.3978/j.issn.2305-5839.2015.09.07
https://doi.org/10.3978/j.issn.2305-5839.2015.09.07
https://doi.org/10.1126/scitranslmed.3006804
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


doi:10.1182/blood-2012-07-292094
Prepublished online September 19, 2012;
 
 
 

 
Thomas Renné, Alvin H. Schmaier, Katrin F. Nickel, Margareta Blombäck and Coen Maas
 

 roles of factor XIIIn vivo

 http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

 http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

 http://bloodjournal.hematologylibrary.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

digital object identifier (DOIs) and date of initial publication. 
theindexed by PubMed from initial publication. Citations to Advance online articles must include 

final publication). Advance online articles are citable and establish publication priority; they are
appeared in the paper journal (edited, typeset versions may be posted when available prior to 
Advance online articles have been peer reviewed and accepted for publication but have not yet

 Copyright 2011 by The American Society of Hematology; all rights reserved.
20036.
the American Society of Hematology, 2021 L St, NW, Suite 900, Washington DC 
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by
 
 
 
 

 For personal use only. at KAROLINSKA INSTITUTET on October 1, 2012. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#repub_requests
http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#reprints
http://bloodjournal.hematologylibrary.org/site/subscriptions/index.xhtml
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl
http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


 1

 
IN VIVO ROLES OF FACTOR XII 

 
 
Thomas Renné1, Alvin H. Schmaier2, Katrin F. Nickel1, Margareta Blombäck1, Coen Maas1,3 
 
1Division of Clinical Chemistry, Department of Molecular Medicine and Surgery and Center of 
Molecular Medicine, Karolinska Institutet and University Hospital, Stockholm, Sweden, 
2Departments of Medicine and Pathology, Case Western Reserve University and University 
Hospitals Case Medical Center, Cleveland, Ohio, USA. 
 3Department for Clinical Chemistry and Haematology, University Medical Center Utrecht, 
Utrecht, the Netherlands. 
 
Author for correspondence: 
Thomas Renné, M.D., Ph.D. 
Department of Molecular Medicine and Surgery 
Karolinska Institutet 
Karolinska University Hospital Solna (L1:00) 
SE-171 76 Stockholm 
Sweden 
Tel.: +46-8-517-73390 
Fax: +46-310376 
Email: thomas@renne.net 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Blood First Edition Paper, prepublished online September 19, 2012; DOI 10.1182/blood-2012-07-292094

 Copyright © 2012 American Society of Hematology

 For personal use only. at KAROLINSKA INSTITUTET on October 1, 2012. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


 2

Abstract 

Coagulation factor XII (FXII, Hageman Factor, EC=3.4.21.38) is the zymogen of the 
serine protease, factor XIIa (FXIIa). FXII is converted to FXIIa through autoactivation induced 
by "contact" to charged surfaces. FXIIa is of crucial importance for fibrin formation in vitro, 
but deficiency in the protease is not associated with excessive bleeding. For decades, FXII 
was considered to have no function for coagulation in vivo. Our laboratory developed the first 
murine knockout model of FXII. Consistent with their human counterparts, FXII-/- mice have a 
normal hemostatic capacity. However, thrombus formation in FXII-/- mice is largely defective 
and the animals are protected from experimental cerebral ischemia and pulmonary 
embolism. This murine model has created new interest in FXII because it raises the 
possibility for safe anticoagulation, which targets thrombosis without influence on 
hemostasis. We recently have identified platelet polyphosphate (an inorganic polymer) and 
mast cell heparin as in vivo FXII activators with implications on the initiation of thrombosis 
and edema during hypersensitivity reactions. Independent of its protease activity, FXII exerts 
mitogenic activity with implications for angiogenesis. The goal of this review is to summarize 
the in vivo functions of FXII, with special focus to its functions in thrombosis and vascular 
biology. 
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The factor XII-driven plasma contact system  

Fibrin formation may be initiated by two distinct pathways, either triggered by 
exposure of blood to a damaged vessel wall (extrinsic) or to blood-borne (intrinsic) factors. 
The intrinsic pathway of coagulation is initiated by factor XII (FXII, Hageman factor), in a 
reaction involving high molecular weight kininogen (HK) and plasma kallikrein (PK). These 
factors are collectively referred to as the plasma contact system1-6. Contact with negatively 
charged surfaces induces a conformational change in zymogen FXII resulting in a small 
amount of active FXII (FXIIa)7. FXIIa cleaves PK to generate active plasma kallikrein, which 
in turn reciprocally activates FXII8. FXIIa triggers fibrin formation through activation of factor 
XI (FXI) and also liberates the inflammatory mediator bradykinin (BK) from HK through 
cleavage by PK3. Binding of BK to the kinin B2 receptor (B2R) activates pro-inflammatory 
signaling pathways that dilate vessels, induce chemotaxis of neutrophils and increase 
vascular permeability9. Thus, the FXIIa-driven contact system has proinflammatory and 
procoagulant activities via the kallikrein kinin-system (KKS) and the intrinsic coagulation 
pathway, respectively (Figure 1). The serpin C1 esterase inhibitor (C1INH) is the major 
plasma inhibitor of FXIIa and plasma kallikrein and controls proteolytic activity of the contact 
system10. Besides C1INH, antithrombin III (ATIII) and PAI-1 also have FXIIa-blocking 
activity11. In vitro, FXIIa triggers activation of the classical complement pathway and initiates 
the fibrinolytic system via PK-mediated urokinase activation (5). Whether FXIIa has the 
capacity to trigger activation of the complement and fibrinolytic systems in vivo remains 
uncertain. 
 

Factor XII is dispensable for hemostasis 

The enzymology of the FXII-driven contact system in vitro is well understood. However, its in 
vivo contributions are just beginning to emerge. Factor XII-contact activation in vitro provides 
the mechanistic basis for one of the most commonly used diagnostic coagulation tests, the 
activated partial thromboplastin time (aPTT) which is extensively used in clinical practice 
(>500 million assays/per year worldwide) for preoperative screening, the diagnostics of 
thrombosis-related autoimmune diseases and monitoring of anticoagulation therapy. Despite 
its contribution to fibrin formation in vitro, FXII-initiated coagulation in vivo was not 
considered to be of significance.  This premise is based on the observation that FXII deficient 
individuals and animals do not exhibit a clinically relevant bleeding phenotype: individuals 
with partial or severe FXII deficiency do not bleed excessively from sites of injury despite a 
marked prolongation of the aPTT12,13. This apparent discrepancy between the essential role 
of FXII for contact-driven fibrin formation in test tubes that eventually lacks a correlation in 
vivo puzzled investigators for decades. Similar to FXII deficiency, individuals lacking the 
contact proteins PK or HK, do not have impaired hemostasis and are commonly diagnosed 
during routine coagulation screening when a prolonged aPTT is discovered. In sharp 
contrast, patients deficient in FXI have a mild trauma-induced bleeding disorder (sometimes 
called “Hemophilia C”) that is mostly restricted to tissues with high fibrinolytic activity. Severe 
FXI deficiency is a rare inherited abnormality in the general population (seen with a one in a 
million people prevalence), but is more common in specific populations such as Ashkenazi 
Jews (one in 450)14. 
 

This lack of a bleeding tendency observed with FXII deficiency is in sharp contrast to 
deficiencies of other components of the coagulation cascade such as factor VII (FVII), tissue 
factor (TF) and factors VIII or IX (causing the bleeding disorders Hemophilia A and B, 
respectively) has led to the reasonable hypothesis that fibrin formation in vivo is initiated 
largely, if not exclusively, through the extrinsic pathway of coagulation. Notably, complete 
ablation of TF expression causes embryolethal intrauterine bleeding in mice. Human TF 
deficiency has not been described, indicating that TF is essential for development and/or 
survival15. The dominant role of VIIa/TF-driven coagulation for hemostasis is supported by 
the “revised model of coagulation” which shows that FXI, the substrate of FXIIa during 
contact-initiated clotting, can also be activated by thrombin, independently of FXII16. Although 
FXII is dispensable for fibrin formation in hemostatic reactions severe deficiencies (<10% of 
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normal plasma levels) in the coagulation protein are invariably rare17, suggesting that FXII 
has critical roles that warrant future studies. Interestingly, FXII is a rather modern protein in 
terms of evolution. Copies of the FXII gene are absent in infra-mammalian vertebrates such 
as birds or fish18, which have a closed circulatory system, supporting the notion that FXII is 
not required to seal vessel injuries. 
 
 
Factor XII has an essential contribution to thrombosis 

Injury to a blood vessel triggers activation of blood platelets and the plasma coagulation 
system, leading to formation of a blood clot consisting of platelets and fibrin. To investigate 
the role of FXII in vivo, FXII-/- mice were generated and characterized in experimental 
thrombosis models19,20. Identical to FXII deficient humans, FXII-/- mice have a normal 
hemostatic capacity as assessed by a tail-bleeding assay and could undergo surgical 
procedures without excessive bleeding21. Completely unexpected, intravital fluorescence 
microscopy and blood flow measurements in three distinct arterial beds revealed a severe 
defect in thrombus formation in FXII-deficient mice when challenged by chemical (FeCl3), 
mechanical and Rose Bengal/laser of vascular injury models21,22. The thrombo-protective 
phenotype of FXII-/- mice in combination with their normal hemostatic capacity, challenges 
the previously accepted notion of a “coagulation balance”. Although FXII has a crucial role in 
fibrin formation during “pathological” thrombosis, it does not contribute to “physiological” 
hemostatic fibrin formation at sites of vessel injury. Reconstitution of FXII-/- mice with human 
FXII normalized both their prolonged aPTT and the defective thrombotic response. The 
reconstitution experiments indicate that FXII operates similarly in mice and humans. Indeed, 
the contact system is highly conserved among mammalian species23. Thrombus formation in 
FXII heterozygous mice (having 50% of normal FXII plasma levels) was similar to wild-type 
animals (having 100%), indicating that half of normal plasma concentration is sufficient for 
vessel-occlusive clot formation. Modulating FXII expression levels by antisense nucleotides 
(ASO) showed that reduction of >75% FXII antigen plasma levels is required to produce 
thrombo-protection in a model of stasis-induced venous thrombosis24. 
 
 
The decisive role of FXII for experimental models of thrombus formation extends to 
thromboembolic disease: FXII-deficient mice are protected from cerebral ischemia in an 
experimental stroke model25. These thrombo-protective effects are conferred by an impaired 
FXII-dependent fibrin formation in the microvasculature of the ischemic tissue. Indeed, mice 
lacking FXI are similarly protected from vessel-occlusive fibrin formation, suggesting that FXII 
impacts on pathologic clotting predominantly via the intrinsic pathway26,27. This notion is 
supported by observations that in models of lethal pulmonary embolism, survival of mice with 
combined deficiency in FXII and FXI (FXII-/-/FXI-/-) is similar to animals with deficiency in FXII 
or FXI alone28. Given the results from mouse models the concept that pathological thrombus 
formation represents a disequilibrium between the enzymatic reactions that produce a clot at 
a site of vascular injury, likely needs revision. Indeed, pharmacological inhibition of FXII 
activation may provide an attractive approach for the management of thrombotic disease. For 
instance, the peptide-based inhibitor PCK (Phe-Pro-Arg-chloromethylketone) provides 
protection from cerebral ischemia in wild type mice without causing excessive bleeding at a 
site of surgical injury25. Consistently, a recombinant infestin-4-based inhibitor that specifically 
targets FXIIa, provides protection from cerebral ischemia in experimental stroke models, 
albeit it did not reduce the hemostatic capacity of inhibitor-treated mice29. Cumulatively, the 
findings in animal models raise the exciting possibility that targeting FXII may offer a safe 
and powerful strategy for prevention or treatment of pathological thrombosis without the 
associated risk of hemorrhage that accompanies currently used anticoagulants30,31. However, 
the detailed association of FXII deficiency and risk for thrombosis is probably more complex. 
The instability of arterial thrombi observed in FXII-deficient mice21, defective polyphosphate-
driven fibrin formation in FXII-deficient human and mouse plasma32,28, as well as case reports 
of pulmonary emboli seen in FXII-deficient individuals33 raises an intriguing hypothesis: FXII 
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deficiency may protect from arterial thrombosis as high shear stress interferes with 
propagation of unstable thrombi into the vessel lumen. In contrast, larger thrombi may 
develop in veins under low shear conditions. However, reduced stability of these thrombi 
increases their risk to embolize. 

Analysis of a large registry involving ≈ 9,000 patients from Austria supports this dual 
function of FXII in thrombosis. There is an inverted U-shaped association of FXII plasma 
levels and overall mortality and mortality from cardiovascular disease34. Clearly more 
epidemiological studies are necessary to define the precise consequences of FXII deficiency 
in arterial and veno-occlusive disease. 
 
 
Mechanisms of contact activation in vivo  

FXII activation by non-physiologic negatively charged surfaces such as glass is well-
established. Various materials have been identified that have the potency of triggering FXII 
activation (reviewed in35). Amongst the best-characterized agents that initiate FXII-dependent 
clotting are the white clay minerals kaolin and celite (silica-rich compounds), which are 
commonly employed in aPTT coagulation assays. Moreover, kaolin is also used as a 
hemostatic agent in vivo to terminate blood loss after injury in combat victims. Although the 
idea of employing FXII activators as hemostatic agents for sealing injuries is attractive, 
exposure of flowing blood to kaolin triggers thromboembolic events and produces excessive 
heat at the wound site, resulting in additional burn injury and subsequent tissue necrosis36. 

 
Initiated by the discovery that FXII is crucial for occlusive thrombus formation21, there 

was a renewed search for candidate endogenous activators of this protease. RNA that is 
released from injured cells was shown to activate FXII in plasma. Administration of RNAse 
(an enzyme that degrades RNA) to mice prior to experimental challenge has thrombo-
protective effects in a FeCl3-induced carotid artery injury model in mice37. RNA is released 
from various types of disintegrating cells. The regulatory mechanisms that allow RNA-driven 
FXII in thrombosis but not at injury sites at the vessel wall remain to be identified. However, 
oligonucleotides such as RNA and nucleotide-associated proteins such as histones38 
contribute to procoagulant states associated with infections and sepsis. FXII binding to 
collagen is known to enhance coagulation in vitro39. This interaction is dependent on 
repetitive negative charge exposed by collagen fibrils40. When added to platelet-rich plasma, 
equine type I collagen (Horm) promotes thrombus formation under flow in an FXII-dependent 
manner41. In contrast, FXII activity does not contribute to thrombus formation under flow over 
atherosclerotic plaque material42. The presence of platelets dramatically enhanced the FXII-
dependent procoagulant capacity of collagen41, suggesting that it also promotes FXII 
activation indirectly through release of platelet-derived activators28. In line with this 
observation, it has been found that activated platelets support FXII activation in a mechanism 
that is dependent on integrin αIIb-β3 signaling43. Moreover, activated platelets support 
activation of the kallikrein-kinin system44, as well as fibrin formation in an FXII-dependent 
manner45, even in the presence of thrombin- and TF-inhibition44,46. Taken together, these 
studies link platelet activation and FXII-driven fibrin formation and raise the question: how do 
procoagulant platelets activate FXII? 
 
Polyphosphate drives FXII activation during thrombosis 

Platelet polyphosphate (polyP) is an inorganic non-branched polymer that is released 
upon platelet activation. Polyphosphate was originally identified in non-mammalian cells and 
is highly enriched in platelet dense granules47. Synthetic polyP is used as water softener in 
technical processes and has been shown to modulate plasma coagulation by multiple 
mechanisms involving FXII28, FXI48, the fibrinolytic system49, factor V50, and through 
alterations of the fibrin structure49 in ex vivo experiments (recently reviewed in51). Platelet 
polyP is a non-branched polymer of 60-100 orthophosphate residues that directly binds to 
FXII (and HK) with high affinity28. Polyphosphate potently initiates coagulation in human 
plasma and in mice in an FXII-dependent manner. Targeting polyP with phosphatase (an 
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enzyme that cleaves phosphoester bonds and degrades polyP) largely abolishes the 
formation of occlusive thrombus formation in vivo. Conversely, synthetic polyP restored 
defective clot formation in platelet-rich plasma from Hermansky-Pudlak patients, who 
(amongst others) lack the storage pool for platelet polyP28 suggesting that polyP may be 
utilized as a hemostatic agent. Together, these findings identify polyP as the endogenous 
platelet-derived FXII activator in vivo52. While triggering FXII-dependent clotting, polyP/FXII 
also activates the kallikrein-kinin system leading to plasma kallikrein-mediated BK 
formation28. Cumulatively, the identification of polyP as a platelet-derived procoagulant agent 
provides a long-sought link between primary and secondary hemostasis41 and may represent 
a new paradigm for the treatment of thromboembolic and inflammatory diseases53. 

Tissue factor exposed at subendothelial sites of vessel injury initiates fibrin 
production. However, tissue factor pathway inhibitor (TFPI) that is released from platelets 
and endothelial cells rapidly terminates TF-activity (Figure 2A). Additionally, adherent 
platelets shield the transmembrane TF protein at the injury site. There is a requirement to 
stimulate ongoing fibrin production within the three-dimensionally developing thrombus. 
PolyP released by procoagulant platelets triggers FXII activation and drives fibrin formation 
via the intrinsic coagulation pathway (Figure 2B). Deficiency in platelet polyP-stimulated 
FXII-driven fibrin formation, interferes with fibrin fiber thickness32,49 resulting in mechanical 
clot instability28 and likely increases the risk of thrombus embolization. Blood-borne TF on 
circulating monocytes, neutrophils54 and microparticles55 that are incorporated into the 
developing thrombus in a P-selectin-dependent manner56 provides an alternative FXII-
independent mechanism for triggering fibrin production.The relative importance of TF/FVIIa- 
versus polyP/FXII-initiated fibrin formation and their contribution to thrombosis has not been 
directly compared and may differ depending on vascular beds and types of vessel injury. 

 
 

Factor XII zymogen as a growth factor 

Although most investigations focus on FXII as a serine protease, zymogen FXII has 
mitogenic activities on cultured cells independent of its enzymatic activity. FXII’s heavy chain 
consists of a fibronectin type II and I domain, two EGF-like domains, a kringle domain and a 
proline-rich region adjacent to its catalytic domain57. The EGF-like domains in FXII, like those 
in single chain urokinase and tissue-type plasminogen activator share structural similarities 
with homologous domains in hepatocyte growth factor (HGF)58. Both FXII and FXIIa are 
mitogenic on cultured HepG2 cells and phosphorylate mitogen-activated protein kinase 
(MAPK) in HepG2 and vascular smooth muscle cells59. FXII zymogen stimulates 5-bromo-2’-
deoxy-uridine incorporation through the ERK1/2 and Akt S473 phosphorylation pathway in 
endothelial cells in a uPAR-dependent manner60,61 The domain 2 region of uPAR where FXII 
binds is a regulatory site of the uPAR interactome (55a). In addition to FXII ScuPA, HK/HKa, 
vitronectin, and PAI-1/uPA, bind to this region to overlapping, but not identical sequences, on 
uPAR’s domain 2 as well. Consistently, FXII stimulates aortic sprouts from wild type mice but 
not from uPAR-/- aorta and initiates new vessel formation into matrigel plugs in wild type but 
not in uPAR deficient animals. Vice versa, there is less number of vessels in skin punch 
biopsies in a FXII-/- mouse model both constitutively and in a wound healing model62. In 
contrast, in another FXII-/- mouse strain there are no obvious vascular abnormalities in 
histological analyses19. 
These combined data indicate that zymogen FXII, like single chain urokinase, functions as a 
growth factor that mediates cell signaling leading to proliferation and stimulating 
angiogenesis, indicating a new in vivo activity for zymogen XII in post-natal angiogenesis 
after ischemia, inflammation and injury (Figure 3).   
 
 
Role of Factor XII in human thrombotic disease 

A severe human FXII deficiency is rare and, as a consequence, there is a lack of 
epidemiological studies that systematically compare the incidence or severity of 
thromboembolic events (i.e. stroke, myocardial infarction, pulmonary embolism) in humans 
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with low FXII plasma levels. Based on the animal studies, one would expect that FXII 
deficiency would protect from thrombosis in patients. In contrast, there is a long history of 
anecdotal reports suggesting that FXII deficiency may actually predispose to thrombosis63,64. 
FXII deficiency associated with increased risk of thrombosis dates back to the death of the 
index patient with FXII deficiency John Hageman, who deceased from a pulmonary 
embolism65. In brief, the railroad worker John Hageman fell from a boxcar and fractured his 
left hemipelvis. He was kept at bed rest for a week and was subsequently allowed to walk on 
crutches. A few days later he was found gasping for breath, pulseless and passed away 
within minutes. Autopsy showed massive thrombi occluding his left and right pulmonary 
arteries and several large thrombi were recovered, which presumably had originated from his 
lower extremity veins65. It is difficult to link FXII-deficiency to this lethal pulmonary embolism 
event, since the trauma and subsequent immobilization represent established FXII-
independent risk factors for venous thrombosis. Indeed, careful re-analysis has identified 
other risk factors in FXII-deficient patients with thrombosis arguing against FXII deficiency as 
an independent prothrombotic risk factor66. Consistently, larger epidemiological studies in the 
Netherlands and Switzerland did not find a correlation between FXII deficiency and increased 
thrombotic risk. However, none of these studies had analyzed whether FXII deficiency 
conferred thrombo-protection67,68. In contrast, recent clinical studies from Israel have 
analyzed the incidence of ischemic stroke and deep vein thrombosis in humans with severe 
deficiency of FXI (the direct substrate of FXIIa in the intrinsic coagulation pathway). Similarly 
to FXI-null mice, FXI-deficient humans are largely protected from cerebral ischemia69 and 
venous thrombosis70, supporting the decisive role of the intrinsic coagulation pathway for 
thrombosis in humans. 
 
 
Hereditary angioedema 

FXII has the capacity of activating the classical complement pathway in plasma71. A 
simultaneous activation of the contact and complement system often occurs in pathological 
conditions. Hereditary angioedema (HAE [MIM #106100]) is a life-threatening tissue swelling 
disorder that develops in individuals, who are quantitatively or qualitatively deficient in C1-
esterase inhibitor (C1INH; HAE type I and II, respectively). C1INH deficiencies facilitate 
excessive activation of the FXII-driven complement and contact system cascades and the 
development of edema in HAE type I and II patients72. In addition to these two well-known 
HAE types, a third variant exists that almost exclusively affects women. HAE type III patients 
have normal levels of fully functional C1INH but suffer from angioedema nonetheless73. 
Clinically, all types of HAE are characterized by recurrent episodes of acute swelling 
involving the skin, oropharyngeal, laryngeal or gastrointestinal mucosa. The pathophysiology 
of the observed increased vascular permeability in HAE has remained controversial. Elegant 
studies with genetically modified mice demonstrated that edema formation in C1INH-
dependent HAE forms is due to pathological contact system activation74. Genetic ablation of 
C1INH expression results in excessive BK production and excess BK signaling which 
increases vascular permeability in humans75 and mice74. In contrast, in combined C1INH and 
bradykinin B2 receptor gene-deficient mice vascular leak is normal. Comprehensive studies 
have identified BK as the principal mediator of vascular leakage in HAE-related swelling 
attacks in patients76. Hence, HAE types I and II are treated by infusion of C1INH77 or BK B2-
receptor antagonists (Icatibant)78. Alternatively, recombinant plasma kallikrein inhibitors 
(Ecallantide) may be used to interfere with acute swelling episodes in HAE patients79. In 
contrast to C1INH-dependent forms of HAE, the disease mechanism of HAE type III was 
enigmatic. Using genome-wide linkage analyses in affected families, HAE type III was shown 
to be an autosomal dominant disease associated with a single missense mutation 
(c.1032CrA) in the gene of FXII80. Consecutive independent studies involving other families 
found HAE type III to be associated with a different mutation affecting the same nucleotide of 
the FXII gene, c.1032CrG81. Both point mutations translate into amino acid exchanges 
Thr328Lys and Thr328Arg (numbering includes the signal peptide), respectively, on the 
protein level. The aPTT assay yields normal values in all types of HAE patients and fails to 
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detect affected individuals. Factor XII plasma levels in HAE type III patients are in the normal 
range80, suggesting that a yet unknown mechanism triggers edema predominantly in women. 
HAE patients experience recurrent attacks of swelling but the stimuli that trigger these 
periodic episodes of excessive vascular leakage are poorly defined72.  
 
Mast cell-mediated activation of Factor XII 

Until recently it was believed that mast cell-mediated vascular leakage is 
predominantly, if not exclusively, mediated by the release of histamine and targeting 
histamine signaling is widely used therapeutically to treat edema formation associated with 
aberrant mast cell activity82. In allergic disease, BK is generated and contributes to increased 
vascular permeability78,83,84. Mast cells are highly effective sentinel cells that are found close 
to blood vessels and are especially common at sites of potential infection85. A hallmark of 
mast cell activity in host defense and allergic reactions is increased vascular permeability. In 
addition to histamine, mast cell secretory granules also contain highly sulfated 
polysaccharides with heparin as a major constituent. This glycosaminoglycan is synthesized 
exclusively by mast cells86 and has been identified as a FXII contact activator in vitro87. 
Heparin released from allergen-activated mast cells initiates formation of BK in a FXII-
dependent manner88. Minute amounts of heparin (≥ 4μg/mL) are sufficient to activate FXII. 
FXI is not activated under these circumstances suggesting the presence of a regulatory 
mechanism for prekallikrein-directed activity of FXIIa. Heparin also protects FXIIa from 
inhibition by C1INH89.   

Intravital confocal laser scanning microscopy and tracer extravasation experiments 
identified BK as the active mediator for increasing leakage in heparin-driven edema in the 
skin88. From mast cell-mediated hypersensitivity reactions in mouse models, it was estimated 
that heparin-driven bradykinin formation accounts for a significant portion (about 50%) of 
total mast-cell evoked increase in vascular permeability. Consistently, small molecule 
inhibitors of FXIIa or kinin B2 receptors both interfere with experimental mast cell-triggered 
leakage. Based on these experimental findings, targeting heparin-initiated BK formation may 
represent a promising strategy to counteract aberrant mast cell activation in a broad variety 
of diseases. 
 
Contaminated heparin 

The identification of mast cell heparin as an endogenous FXII contact activator in 
hypersensitivity reactions is reminiscent of reports that had associated therapeutic heparin 
infusion and contact system activation in a series of life threatening complications. For 
decades, heparin has been widely used as an anticoagulant drug. This polysaccharide 
prevents the formation and extension of blood clots in the circulatory system by increasing 
AT III activity. Starting November 2007, there was a dramatic increase in heparin-induced 
adverse reactions in the United States and Germany, such as lethal acute hypersensitivity 
reactions in patients intravenously receiving commercial heparin of specific lots from a single 
manufacturer (http://www.fda.gov/cder/drug/infopage/heparin/adverse_events.htm). 
Conservatively, more than 150 patients died from anaphylactic hypotension associated with 
intravenous heparin treatment. Comprehensive analyses identified a non-natural 
contaminant occurring in suspect preparations of heparin that was characterized as over-
sulfated chondroitin sulfate (OSCS)90. OSCS-contaminated heparin has a greatly increased 
potency for activating FXII and triggering PK-mediated BK formation in human plasma and in 
a model of experimental hypotonic shock in vivo91. These catastrophic reactions in patients 
are reminiscent of experimental shock models induced by dextran sulfate (DXS)-stimulated 
BK-formation in pigs. Infusion of high-molecular weight DXS (500 kDa) induced transient 
systemic hypotension7 and Icatibant (an antagonist of the kinin B2 receptor) blocked this 
effect on blood pressure92. The FXII-activating property seems to be dependent on negative 
charge density of the polysaccharide rather than on a defined structure. Indeed, potency of 
FXII-driven contact activation in a reconstituted system decreased from dextran sulfate and 
OSCS (with an average 4 sulfate residues per disaccharide)7,93, to mast cell heparin (with an 
average of ≈2.7 sulfate residues per disaccharide)87, whereas heparan sulfate (with an 
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average of ≈ 1 sulfate residue per disaccharide) was inactive. The potency to activate the 
plasma contact system also greatly varies among diverse heparin preparations94 reflecting 
differences in purification procedures, sources of the polysaccharides and experimental 
settings. Of note, although intravenous heparin infusion may trigger BK generation, infusion 
of the polysaccharide even at high concentrations in a bolus normally does not induce 
hypotension nor cause edema. BK that is generated in venous vessels is rapidly and almost 
completely degraded by ACE and other kininases that are abundantly expressed in lung 
microvessels before reaching precapillary vascular beds, which regulate blood pressure. 
 
Differential activities of Factor XII 

Dextran sulfate (DXS) is a polysulfated polysaccharide of linked glucose moiety. 
DXS-mediated FXII activation is critically dependent on the chain-length and degree of 
sulfation of the polyanion7. High molecular weight DXS (500 kDa) is a potent stimulator of 
FXII activation, whereas shorter DXS polymers fail to independently activate FXII but do 
support cleavage of FXII by plasma kallikrein95. Although long-chain DXS induces BK-
mediated hypotension in vivo92, it does not trigger intravascular coagulation. This indicates 
that some FXII-activators do not have the capacity of triggering coagulation and reveal 
selectivity in the responses to FXII contact-activating surfaces. Indeed, several FXII contact 
activators initiate unilateral activation of the kallikrein-kinin system. For instance, other 
polysaccharides besides DXS such as OCSC or heparin specifically initiate BK formation 
without triggering a procoagulant activity. Misfolded protein aggregates, the toxic protein 
species amongst others found in the cerebrospinal fluid of Alzheimer’s disease patients and 
the plasma of patients suffering from amyloidosis trigger FXII activation96. These hazardous 
protein aggregates specifically initiate BK formation via activation of the kallikrein kinin–
system but do not trigger activation of the intrinsic pathway of coagulation. The mechanism 
for selective activation of PK without activation of homologous FXI97 is not entirely clear but 
might reflect higher plasma concentrations of PK as of FXI. Furthermore, increased affinity of 
heparin-dependent plasma inhibitors such as antithrombin III (AT III) for activated FXI versus 
PK might direct FXII-activation driven by charged polysaccharides to BK formation91. Notably, 
both PK and FXI are surface-bound via HK and share a conserved HK-binding site97-99. 
Additionally, surface characteristics of the contact activator might be decisive for PK and/or 
FXI activation. FXII binds differently to negatively charged surfaces such as polyP as 
compared to its binding to misfolded protein aggregates. Anionic surface binding is thought 
to be mediated through the type II fibronectin domain, the 2nd EGF domain and kringle 
domain100,101, whereas interaction with misfolded protein aggregates is mediated by the 
fibronectin type I domain102. Differences in FXII binding may also modulate the conversion of 
α-FXIIa to β-FXIIa by kallikrein activity and shift FXII activity towards kinin formation103,104. 
 
Future perspectives  

The discovery that pathological thrombus formation in FXII-/- mice is largely defective 
in models for experimental arterial thrombosis and ischemic stroke has created a new 
interest in this protein, especially since it raises the possibility of treating thrombosis without 
compromising hemostasis. Recently, several in vivo contact activators of FXII have been 
identified including platelet polyphosphate, over-sulfated chondroitin sulfate, nucleotides, 
misfolded protein aggregates and mast cell heparin. These various activators may be 
involved in the development of thrombotic and/or inflammatory diseases. Additionally, 
investigations on the growth factor function of FXII have only begun. Cumulatively, these 
discoveries may help elucidate the physiologic function(s) of FXII in vivo, which has 
remained persistently mysterious since the protein was discovered over 50 years ago. 
Further investigations will expectedly reveal novel roles of FXII through which certain disease 
states such as thrombosis, inflammation and infections can be therapeutically modified. 
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Figure Legend 
 
 
Figure 1: The factor XII (FXII)-driven contact system. Contact with negatively charged 
surfaces activates coagulation factor XII (FXII) on endothelial cells, leukocytes, bacteria, and 
thrombocytes and initiates pro-coagulant and pro-inflammatory proteolytic reactions. 
Activated FXII triggers fibrin formation through the factor XI (FXI)-mediated intrinsic pathway 
of coagulation. Simultaneously, activation of prekallikrein by FXIIa leads to generation of the 
vasoactive peptide bradykinin (BK) by plasma kallikrein (PK)-mediated cleavage of high 
molecular weight kininogen (HK).  
 
 
Figure 2. The role of polyphosphate/FXII in thrombosis. A) Initially, the tissue factor 
(TF)/FVIIa driven “extrinsic” coagulation pathway triggers fibrin formation at sites of injury. 
FXII has no function during this stage. Tissue factor pathway inhibitor (TFPI) is released from 
endothelial cells and adherent platelets and blocks TF activity. B) In the developing 
thrombus, activated platelet-released polyP triggers fibrin production via activation of FXII 
that drives the “intrinsic” coagulation cascade. PolyP/FXII-driven fibrin formation operates 
distant from the injured vessel wall and hence, does not contribute to hemostasis.  
 
 
Figure 3. Model of zymogen FXII signaling pathway. FXII binds to domain 2 of uPAR and 
induces uPAR to communicate intracellularly through β1 integrins. Monoclonal antibody 6S6 
to β1 integrin blocks this pathway. Cell stimulation through uPAR and integrin requires an 
interaction with one or more of the ErbB receptor kinases since the tyrosine inhibitors 
AG1478 or PP3 block FXII signaling. The MEK inhibitor PD98059 blocks FXII-induced 
ERK1/2 phosphorylation. LY294002, a PI3 kinase inhibitor, blocks FXII-induced Akt 
phosphorylation. Cross-talk between pERK1/2 and pAkt systems also occurs. Cleaved forms 
of HK (HKa) block binding of FXII to endothelial cells. Inhibition of any step of the FXII 
signaling pathways blocks cell proliferation and angiogenesis in HUVEC and aortic 
segments, respectively (modified from56). 
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