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The contact activation (CAS) and kallikrein/kinin (KKS) systems regulate thrombosis risk
in two ways. First, the CAS influences contact activation-induced factor Xl activation
and thrombin formation through the hemostatic cascade. Second, prekallikrein (PK)
and bradykinin of the KKS regulate expression of three vessel wall G-protein-coupled
receptors, the bradykinin B2 receptor (B2R), angiotensin receptor 2, and Mas to influ-
ence prostacyclin formation. The degree of intravascular prostacyclin formation inversely
regulates intravascular thrombosis risk. A 1.5- to 2-fold increase in prostacyclin, as
seen in PK deficiency, increases vessel wall Sirt1 and KLF4 to downregulate vessel wall
tissue factor which alone is sufficient to lengthen induced thrombosis times. A twofold to
threefold increase in prostacyclin, as seen the B2R-deficient mouse, delays thrombosis
and produces a selective platelet function defect of reduced GPVI activation and platelet
spreading. Regulation of CAS and KKS protein expression has a profound influence on
thrombosis-generating mechanisms in the intravascular compartment.

Keywords: prekallikrein, bradykinin B2 receptor, Mas receptor, angiotensin receptor 2, factor XII, high molecular
weight kininogen, prostacyclin, tissue factor and coagulation

The contact activation system (CAS) is known to initiate thrombus formation in surface-activated
blood coagulation of plasma by factor XII (FXII) autoactivation with subsequent activation of
plasma prekallikrein (PK), amplification of FXII and PK activation by each other, and subsequent
activation of factor XI initiating a cascade of proteolytic reactions leading to thrombin formation
(Figure 1). Plasma high-molecular weight kininogen (HK) accelerates these reactions. In a rabbit
model of extracorporeal membrane oxygenation (ECMO), a novel Fab 3F7 directed to FXIla and
betaFXIIa reduced fibrin formation on the membrane oxygenator to the same extent as heparin
(1). These data indicate that activations of the CAS leading to thrombin formation are blocked by
inhibitors to FXIIa. Also in mice, CAS inhibition results in improved survival of F127~ mice in the
surface-activated collagen-, epinephrine-, or long-chain polyP-induced pulmonary embolism mod-
els when compared to wild type (WT) (2-4). In humans, FXIIa inhibition is useful to prevent in vivo
contact activation from sepsis from any cause, adult respiratory distress syndrome, and when human
blood comes in contact with artificial surfaces of medical devices such as ECMO, cardiopulmonary
bypass, left-ventricular assist devices, and indwelling intravenous catheters (5). HK-deficient mice
(Kgnl="-) are also protected from thrombosis, but the mechanism for thrombosis delay is less well
characterized (6). They appear to be like F127'~ mice, since Kgnl~'~ mice also have improved survival
after long-chain polyP infusions (4).

Frontiers in Medicine | www.frontiersin.org

1 November 2016 | Volume 3 | Article 61


http://www.frontiersin.org/Medicine
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2016.00061&domain=pdf&date_stamp=2016-11-28
http://www.frontiersin.org/Medicine/archive
http://www.frontiersin.org/Medicine/editorialboard
http://www.frontiersin.org/Medicine/editorialboard
https://doi.org/10.3389/fmed.2016.00061
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:schmaier@case.edu
https://doi.org/10.3389/fmed.2016.00061
http://www.frontiersin.org/Journal/10.3389/fmed.2016.00061/abstract
http://www.frontiersin.org/Journal/10.3389/fmed.2016.00061/abstract
http://www.frontiersin.org/Journal/10.3389/fmed.2016.00061/abstract
http://www.frontiersin.org/Journal/10.3389/fmed.2016.00061/abstract
http://loop.frontiersin.org/people/130142

Schmaier

The KKS and RAS—-Prostacyclin Axis

However, other gene-deleted animals of the plasma CAS and
kallikrein/kinin system (KAS) do not behave like F127/~ mice
on contact activation-induced thrombosis assay. Plasma PK
(KIkb17'~) and bradykinin B2 receptor knockout (Bdkrb2~'~) mice
do not have increased survival in the collagen-, epinephrine-, or
long-chain polyp-induced pulmonary embolism models (5, 7).
Klkb17'~ mice have reduced contact activation as indicated by
delayed contact activation thrombin generation times, long
aPTT, and reduced lung edema after collagen—epinephrine insult
(7). However, this reduced contact activation is not enough to
provide thrombosis protection. Another mechanism is involved
in its thrombosis protection. This assessment is the basis of
the present review. Deficiencies of proteins of the plasma KKS
(PK, bradykinin B2 receptor) allow for a novel mechanism for
thrombosis protection through regulation of vessel wall tissue
factor (TF) (Figure 1). Characterization of this mechanism is the
basis of this report. In this pathway, regulation of vessel wall TF
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FIGURE 1 | The contact activation and kallikrein/kinin systems (KKS)
have two mechanisms, whereby they influence thrombosis risk in the
intravascular compartment. First, through contact autoactivation of factor
Xl (XII) to factor Xlla (Xlla), plasma prekallikrein (PK) is activated to plasma
kallikrein (Kal) that then reciprocally activates Xll and amplifies each other’s
activation. Formed Xlla activates factor Xl to factor Xla (Xla) that leads to
thrombin formation. This pathway occurs in sepsis, adult respiratory distress
syndrome, and on mechanical surfaces of devices used in the medical
practice. The second pathway for thrombosis risk reduction is through the
interaction of the plasma KKS with the renin—angiotensin system (RAS).
Formed Kal cleaves bradykinin (BK) from high-molecular weight kininogen
(HK), and it binds to the constitutive bradykinin B2 receptor (B2R). It
stimulates cells to produce prostacyclin and NO. BK is metabolized by
angiotensin-converting enzyme (ACE) that also converts angiotensin | to
angiotensin Il (Angll). If the angiotensin receptor 2 (AT2R) has more copies
than the angiotensin receptor | (not shown), it binds to stimulate prostacyclin
and NO. Also, Angll is metabolized to angiotensin-(1-7) [Ang-(1-7)] to
stimulate its receptor, Mas, and also to produce prostacyclin and NO.
Through the production of prostacyclin, each of these receptors has potential
to regulate vessel wall tissue factor and change thrombosis risk within the
intravascular compartment.

is mediated by vascular G-protein-coupled receptors (GPCRs)
of the KKS and renin-angiotensin system (RAS) and their
influence on prostacyclin.

CHARACTERIZATION OF Klkb1-'- MICE

Detailed mechanistic investigations on PK-deficient mice
reveal a previously unappreciated thrombosis protection path-
way that modulates in vivo thrombosis risk through regulation
of vessel wall TF expression. The mechanism for this pathway
is not obvious but was discovered by following the data from
research observations. When we realized that Klkb1~'~ mice
have expected reduced contact activation, but do not have
protection on contact activation-induced thrombosis assays,
other mechanisms were sought. We observed that Klkbl~'~
mice have reduced bradykinin (BK) to about 50% of the level
of normal and higher than Kgnl~'~ mice that have none (6, 7).
We had expected that the bradykinin B2 receptor (B2R) that is
constitutively expressed would be increased in response to low
BK. To our surprise, the B2R was decreased. The B2R is known
to make heterodimeric complexes with the angiotensin receptor
2 (AT2R) and the Mas receptor (Mas) (8, 9). Furthermore, the
B2R, AT2R, and Mas, when stimulated, all produce prostacyclin
and NO. Finally, we knew from previous studies that in the
absence of the B2R, AT2R and Mas become overexpressed (see
below) (10, 11).

Investigations next determined if the AT2R and/or Mas
receptor levels are increased. We observe increased Mas recep-
tor mRNA and protein with reduced AT2R and angiotensin-
converting enzyme (ACE) mRNA and normal angiotensin-(1-7)
[Ang-(1-7)] levels (Figure 2). We next determined that a Mas
receptor antagonist, A-779, corrects the prolonged thrombosis
time in KlkbI~~ mice (7). Studies subsequently document that
plasma prostacyclin, as measured by its stable plasma breakdown
product 6-keto-PGFla, is elevated, and the Mas antagonist
A-779 corrects it to normal and nimesulide, a cyclooxygenase
2 inhibitor, shortens KlkbI~"~ mice thrombosis times to normal
(8). Even though KlkbI~~ mice have elevated prostacyclin,
thrombosis delay is not due to decreased platelet function.
KlkbI~'~ mice have normal bleeding times and platelet function
as determined by thrombin-, CRP-, or ADP-induced platelet
activation. KlkbI~'~ mice also have normal platelet spreading on
a collagen or fibrinogen matrix. Therefore, other mechanisms
were sought.

Kilkb1== mice have reduced platelet adherence on the
cremasteric mouse laser injury thrombosis model. Since they
have normal platelet function, we asked if there were reduced
vessel wall TF (8). Aortic and carotid artery TF mRNA, protein,
activity, and expression were reduced. Furthermore, plasma
of Kikb17'~ mice has normal TF-induced thrombin generation
times when 5 pM rTF is used. However, when 0.5 pM TF is
employed, plasma from KlkbI~'~ mice has reduced TF-induced
thrombin generation. Recent studies by Barbieri and coworkers
show that COX2~~ mice have increased vessel wall TF medi-
ated by reduced prostacyclin, allowing for reduction of the
vasculoprotective transcription factor Sirtl (12). We determined
if KlkbI7~ mice have increased sirtuin 1 (silent mating type
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FIGURE 2 | Model for vessel wall tissue factor regulation in prekallikrein deficiency. In the absence of plasma prekallikrein (PK), there is reduced bradykinin
(BK) and the bradykinin B2 receptor (B2R). This result is also associated with reduced angiotensin-converting enzyme activity (ACE) and the angiotensin receptor 2
(AT2R) with elevation of the G-protein-coupled receptor Mas with normal angiotensin-(1-7) [Ang-(1-7), its natural ligand]. Increased Mas receptor alone is associated
with a 1.5- to 2-fold elevation of prostacyclin (PGl.) with increased vessel wall Sirt1 and KLF4 and reduced vessel wall tissue factor (TF). There is no platelet function
defect in prekallikrein-deficient platelets. The delayed thrombosis in PK-deficient mice is due to reduced vessel wall TF alone.

information regulation 2 homolog 1) (Sirtl) and Kruppel-like
factor 4 (KLF4), another vasculoprotective transcription factor.
Klkb1™"~ mice have increased Sirtl and KLF4 mRNA and protein
and on immunofluorescence, increased antigen is observed in
the smooth muscle layer and endothelium, respectively (7). Since
Sirtl is a histone deacetylase that binds p65 of NFkB and KLF4
binds the p300 co-activator of NF«xB, the lowering of vessel wall
TF in KlkbI~'~ mice is not surprising. What is surprising in these
animals is the recognition that modulation of vessel wall TF
alone in Klkb1~'~ mice is sufficient to alter in vivo thrombosis
risk in mice. This finding was unexpected and indicates that the
Mas-prostacyclin axis is a mechanism for thrombosis risk regu-
lation. A summary of this mechanism for thrombosis protection
in Klkb1~'~ mice is shown in Figure 2.

CHARACTERIZATION OF Bdkrb2-- MICE

We next asked if the thromboprotection mechanism seen
in Klkb1™"~ mice is observed in any other animals? Previous
investigations in our laboratory show that Bdkrb2~'~ mice also
have delayed times to arterial thrombosis (10, 11). Our inves-
tigations reveal that in the absence of the B2R, both the AT2R
and Mas receptors are increased as determined by mRNA and
protein in kidney and aorta of these animals. Unlike Klkb1~"~
mice, Bdkrb2~'~ mice have elevated plasma BK, angiotensin
IT (Angll), and Ang-(1-7) (10, 11) (Figure 3). Also, plasma
PK and plasminogen activator inhibitor-1 are increased, and
factor XI is decreased (10). Antagonists to the Mas receptor

(A-779) or AT2R (PD123319) are able to correct the delay in
thrombosis occlusion to normal and both antagonists together
are not additive (11). Furthermore, unlike KIlkbI~'~ mice,
Bdkrb2~'~ mice have long bleeding times (10, 11). Their plasma
6-keto-PGF1la levels (259 + 42 pg/ml) are significantly higher
than KIkbI~~ mice (129 + 12 pg/ml) (p < 0.003) and normals
(75 + 10 pg/ml) (7, 11). Twofold higher 6-keto-PGFla levels
produce the long bleeding times and the selective platelet
function defect in Bdkrb2~'~ mice (11). Bdkrb2~'~ mice have
a selective GPVI activation defect to collagen-rich peptide
and convulxin. They manifest reduced murine activated
integrin expression using the JON/A antibody and P-selectin
expression. They also have a spreading defect on collagen,
fibrinogen, and GFOGER, a B1 integrin adhesive peptide (11).
On the other hand, Bdkrb2™'~ mice have normal thrombin-
and ADP-induced platelet activation and fibrinogen binding,
respectively. Finally, the cyclooxygenase inhibitor, nimesulide,
shortens the bleeding time to normal and corrects the time to
thrombosis in these animals. However, the platelet inhibition
mechanism in Bdkrb27'~ mice is not complete story for their
delayed thrombosis times.

Bdkrb2='~ mice also have elevated Sirtl and KLF4 mRNA in
their vessel wall. We suspect that these animals too have reduced
TF in their vessel walls. In support of that assessment, a recent
investigation shows that BK reduces vessel wall TF via cell activa-
tion and this translates into reduced thrombosis risk (13). A sum-
mary of this mechanism for thrombosis delay in Bdkrb2~'~ mice
is shown in Figure 3.
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FIGURE 3 | Mechanisms for thrombosis delay in the bradykinin B2 receptor-deleted mice. In the absence of the bradykinin B2 receptor (B2R), there is
increased plasma bradykinin (BK), its ACE breakdown product, BK-(1-5) (RPPGF). There is also increased ACE, angiotensin Il (Angll), and angiotensin-(1-7)
[Ang-(1-7)]. Elevated Angll and Ang-(1-7) bind to increased angiotensin receptor 2 (AT2R) and Mas to increase prostacyclin (PGl,) levels twofold to threefold above
normal. This elevation in plasma PGl. results in increased vessel wall Sirt1 and KLF4 with reduced TF and a selective platelet function defect. The selective platelet
function defect is reduced GPVI activation with normal thrombin- and ADP-induced platelet activation and reduced spreading on collagen and adhesive

glycoproteins through p1 integrin binding. The delayed thrombosis in B2R-deficient mice is reduced vessel wall tissue factor a selective platelet function defect of
GPVI activation and spreading.
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FIGURE 4 | The prostacyclin axis-induced thrombosis protection. PK and B2R deficiency produces thrombosis protection through the prostacyclin axis. In
the absence of PK or the B2R, there is increased prostacyclin production due to overexpression of the AT2R and/or Mas receptors to compensate for reduced or
absent B2R. Prostacyclin induces a graded increase in thrombosis protection. First, at levels up to twofold increased, it effects the vessel wall reducing TF
production. Second, at levels up to twofold to threefold increased, it downregulates vessel wall TF and induces a selective platelet function defect of reduced GPVI

activation and spreading on collagen- and integrin-binding adhesive glycoproteins. Finally, at levels greater that threefold, prostacyclin produces the overall platelet
anesthesia generally recognized with it.
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SUMMARY

In conclusion, we have uncovered in our detailed mechanistic
studies on the Klkb1~"~ and Bdkrb2~'~ mice, a previously unap-
preciated thrombo-protective mechanism. BK through the
B2R receptor, AnglI through the AT2R, or Ang-(1-7) through
Mas receptor has the ability to elevate prostacyclin in a graded
fashion. Graded elevation of prostacyclin has a graded increase
in thrombo protection. First, it stimulates expression of vasculo-
protective transcription factors Sirtl and KLF4 to downregulate
vessel wall TF when increased 1.5- to 2-fold (Figure 4). Second,
higher elevations (twofold to threefold increases) result in a selec-
tive platelet GPVI activation and spreading defect (Figure 4).
These higher levels of prostacyclin lengthen bleeding times.
Finally, higher concentrations of prostacyclin provide a general

REFERENCES

1. Larsson M, Rayzman V, Nolte MW, Nickel KF, Bjorkqvist J, Jamsa A, et al.
A factor XIIa inhibitory antibody provides thromboprotection in extracor-
poreal circulation without increasing bleeding risk. Sci Transl Med (2014)
6(222):222ral7. doi:10.1126/scitranslmed.3006804

2. Renné T, Pozgajovd M, Griiner S, Schuh K, Pauer HU, Burfeind P, et al.
Defective thrombus formation in mice lacking coagulation factor XII. J Exp
Med (2005) 202:271-81. doi:10.1084/jem.20050664

3. Miiller 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

4. Nickel KE Ronquist G, Langer F, Labberton L, Fuchs TA, Bokemeyer C,
et al. The polyphosphate-factor XII pathway drives coagulation in prostate
cancer-associated thrombosis. Blood (2015) 126:1379-89. doi:10.1182/
blood-2015-01-622811

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

6. Merkulov S, Zhang WM, Komar AA, Schmaier AH, Barnes E, Zhou Y,
et al. Deletion of murine kininogen gene 1 (mKngl) causes loss of plasma
kininogen and delays thrombosis. Blood (2008) 111:1274-81. doi:10.1182/
blood-2007-06-092338

7. Stavrou EX, Fang C, Merkulova A, Alhalabi O, Grobe N, Antoniak S, et al.
Reduced thrombosis in Klkb1-/- mice is mediated by increased Mas recep-
tor, prostacyclin, Sirtl, and KLF4 and decreased tissue factor. Blood (2015)
125:710-9. doi:10.1182/blood-2014-01-550285

8. Abadir PM, Periasamy A, Carey RM, Siragy HM. Angiotensin II type 2
receptor-bradykinin B2 receptor functional heterodimerization. Hypertension
(2006) 48:316-22. doi:10.1161/01.HYP.0000228997.88162.a8

9. CerratoBD,CarreteroOA,JanicB,GreccoHE, GironacciMM. Heteromerization
between the bradykinin B2 receptor and the angiotensin-(1-7) Mas receptor:

platelet anesthesia and give increased risk to bleed. Modulating
vessel wall TF only through these three GPCRs may provide a
novel approach to reduce thrombosis risk without enhanced risk
to bleed.

AUTHOR CONTRIBUTIONS

Dr. AS wrote the manuscript and is fully responsible for it.

FUNDING

This article was funded in part from the National Institute of
Health (HL052779, HL126645) and the U.S. Department of
Defense (BC150596P1).

functional consequences. Hypertension (2016) 68:1039-48. doi:10.1161/
HYPERTENSIONAHA.116.07874

10. Shariat-Madar Z, Mahdi F, Warnock M, Homeister JW, Srikanth S, Krijanovski
Y, et al. Bradykinin B2 receptor knockout mice are protected from throm-
bosis by increased nitric oxide and prostacyclin. Blood (2006) 108:192-9.
doi:10.1182/blood-2006-01-0094

11. Fang C, Stavrou E, Schmaier AA, Grobe N, Morris M, Chen A, et al
Angiotensin 1-7 and Mas decrease thrombosis in Bdkrb2-/- mice by
increasing NO and prostacyclin to reduce platelet spreading and glycoprotein
VI activation. Blood (2013) 121:3023-32. do0i:10.1182/blood-2012-09-
459156

12. Barbieri SS, Amadio P, Gianellini S, Tarantino E, Zacchi E, Veglia E
et al. Cyclooxygenase-2-derived prostacyclin regulates arterial throm-
bus formation by suppressing tissue factor in a sirtuin-1-dependent-
manner. Circulation (2012) 126:1373-84. doi:10.1161/CIRCULATIONAHA.
112.097295

13. Dong R, Chen W, Feng W, Xia C, Hu D, Zhang Y, et al. Exogenous bradykinin
inhibits tissue factor induction and deep vein thrombosis via activating the
eNOS/phosphoinositide 3-kinase/ Akt signaling pathway. Cell Physiol Biochem
(2015) 37:1592-606. doi:10.1159/000438526

Conflict of Interest Statement: The author declares 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 © 2016 Schmaier. 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 publication 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.

Frontiers in Medicine | www.frontiersin.org

November 2016 | Volume 3 | Article 61


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1126/scitranslmed.
3006804
https://doi.org/10.1084/jem.20050664
https://doi.org/10.1016/j.cell.2009.11.001
https://doi.org/10.1182/blood-2015-01-622811
https://doi.org/10.1182/blood-2015-01-622811
https://doi.org/10.1111/jth.13194
https://doi.org/10.1182/blood-2007-06-092338
https://doi.org/10.1182/blood-2007-06-092338
https://doi.org/10.1182/blood-2014-01-550285
https://doi.org/10.1161/01.HYP.0000228997.88162.a8
https://doi.org/10.1161/HYPERTENSIONAHA.116.07874
https://doi.org/10.1161/HYPERTENSIONAHA.116.07874
https://doi.org/10.1182/blood-2006-01-0094
https://doi.org/10.1182/blood-2012-09-459156
https://doi.org/10.1182/blood-2012-09-459156
https://doi.org/10.1161/CIRCULATIONAHA.112.097295
https://doi.org/10.1161/CIRCULATIONAHA.112.097295
https://doi.org/10.1159/000438526
http://creativecommons.org/licenses/by/4.0/

	A Novel Antithrombotic Mechanism Mediated by the Receptors 
of the Kallikrein/Kinin and 
Renin–Angiotensin Systems
	Characterization of Klkb1 -/- Mice
	Characterization of Bdkrb2 -/- Mice
	Summary
	Author Contributions
	Funding
	References


