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• Activated platelets facilitate plasma TAFI
activation in a solubleand/or platelet-derived
thrombomodulindependent manner.
• TAFIa inhibitor enhances accumulation of
plasminogen and its
propagation from activated platelets to periphery along with
fibrinolysis.

Our previous real-time imaging studies directly demonstrated the spatiotemporal regulation
of clot formation and lysis by activated platelets. In addition to their procoagulant functions,
platelets enhanced proﬁbrinolytic potential by augmenting the accumulation of tissue-type
plasminogen activator (tPA) and plasminogen, in vivo in a murine microthrombus model,
and in vitro in a platelet-containing plasma clot model. To clarify the role of thrombinactivatable ﬁbrinolysis inhibitor (TAFI), which regulates coagulation-dependent antiﬁbrinolytic potential, we analyzed tPA-induced clot lysis times in platelet-containing plasma.
Platelets prolonged clot lysis times in a concentration-dependent manner, which were
successfully abolished by a thrombomodulin-neutralizing antibody or an activated TAFI
inhibitor (TAFIaI). The results obtained using TAFI- or factor XIII–deﬁcient plasma suggested
that TAFI in plasma, but not in platelets, was essential for this prolongation, though its crosslinkage with ﬁbrin was not necessary. Confocal laser scanning microscopy revealed that
ﬂuorescence-labeled plasminogen accumulated on activated platelet surfaces and
propagated to the periphery, similar to the propagation of ﬁbrinolysis. Plasminogen
accumulation and propagation were both enhanced by TAFIaI, but only accumulation was
enhanced by thrombomodulin-neutralizing antibody. Labeled TAFI also accumulated on
both ﬁbrin ﬁbers and activated platelet surfaces, which were Lys-binding-site-dependent
and Lys-binding-site-independent, respectively. Finally, TAFIaI signiﬁcantly prolonged the
occlusion times of tPA-containing whole blood in a microchip-based ﬂow chamber system,
suggesting that TAFI attenuated the tPA-dependent prolongation of clot formation under
ﬂow. Thus, activated platelet surfaces are targeted by plasma TAFI, to attenuate
plasminogen accumulation and ﬁbrinolysis, which may contribute to thrombogenicity
under ﬂow.

Introduction
In the vasculature, thrombus formation and subsequent dissolution are well-coordinated to prevent
blood loss and maintain vascular patency. Platelets play a crucial role in the hemostatic response1 and
also play anti-fibrinolytic roles by secreting fibrinolytic inhibitors, such as a2-antiplasmin (a2AP),2
plasminogen activator inhibitor-1 (PAI-1),3 and thrombin-activatable fibrinolysis inhibitor (TAFI),4 which
are all contained within a granules at high concentrations. These inhibitors regulate fibrinolysis differently
at different stages.
Plasmin is the key enzyme associated with intravascular fibrinolysis, responsible for enzymatically
degrading fibrin into soluble fibrin degradation products. The activation of Glu1-plasminogen, the native
form of plasminogen, is greatly enhanced after binding to the COOH-terminal lysines (C-ter Lys) of fibrin
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because of a conformational change in Glu1-plasminogen, from
a tight to a relaxed form and the formation of a ternary complex on
fibrin with tissue-type plasminogen activator (tPA), which is a key
circulatory plasminogen activator.5,6 C-ter Lys, generated by the
plasmin-catalyzed cleavage of fibrin, are essential for amplifying
bindings of plasminogen and tPA via lysine-binding sites found on
their kringle domains.7 Therefore, modifying the amounts and
localizations of C-ter Lys within the fibrin thrombus can drastically
alter the binding efficiency of plasminogen and the efficacy of
fibrinolysis.

Although epidemiologic studies have indicated a causative relationship between TAFI antigen/activity levels and the risk of venous
thrombosis, ischemic stroke, and cardiovascular disease, the
indispensable function of TAFI has not been established in a mouse
model.18 The spatiotemporal regulations associated with TAFI activation and TAFIa activity remain poorly understood. The efficacy and
location of thrombin generation appears to regulate TAFI activation.
Thus, thrombin generation deficiencies in hemophilic patients and
anticoagulants therapy for prothrombotic patients have been demonstrated to result in defective TAFI activation and the enhancement of
fibrinolysis, resulting in poor clot stability and premature clot lysis,
based on the results in vitro experiments.19-21

Based on these findings, we further analyzed the spatiotemporal
regulatory mechanisms of coagulation and fibrinolysis using confocal
laser scanning microscopy and a microchip-based flow chamber
system, focusing on the role played by TAFI.

Materials and methods
Additional details can be found in the supplemental Information.

Proteins and reagents
The following reagents were donated by each company: human
recombinant tPA (TD2061; Toyobo Co., Ltd., Osaka, Japan),
TAFIa inhibitor (TAFIaI, biosimilar compound of DS-104026; Daiichi
Sankyo Company Limited, Tokyo, Japan), and human recombinant
soluble TM (Asahi Kasei Pharma Corporation, Tokyo, Japan).
Monoclonal antibody against human TM (CD141; TM-neutralizing
antibody [TM-Ab]) was purchased from Hycult Biotech (Uden,
The Netherlands). Human Glu-plasminogen was purified from freshfrozen human plasma, by affinity chromatography, on sepharoselysine.27

Subjects
The study was conducted in accordance with the Declaration of
Helsinki principles and was approved by the Ethics Committee at
Hamamatsu University School of Medicine. All of the participants
provided written informed consent. Blood from healthy adult subjects
was collected and all samples were used within 6 hours of blood
collection.

Turbidimetric assay for pCLT
The turbidimetric assay was performed to determine plasma clot
lysis time (pCLT). Plasma samples, either with or without platelets,
were diluted to 50% at a final concentration (the concentrations
shown through the manuscript represent the final concentrations),
and 1.0, 1.5, or 2 nM tPA was added to initiate fibrinolysis.
ELISA for TM
The concentraion of TM in the plasma was determined using the
Quantikine® Enzyme-linked immunosorbent assay (ELISA) Human
TM/BDCA-3 (R&D Systems, Minneapolis, MN).

Our previous real-time imaging analyses, both in vivo, in a murine
experimental microthrombus model,22,23 and in vitro, in a fibrin clot
model,24,25 directly demonstrated the spatiotemporal regulation of
coagulation and fibrinolysis, as follows. (1) Platelets that expressed
phosphatidylserine (PS) on their surfaces following fibrin formation
were present only in the core of the microthrombus that was formed
after laser irradiation.22 (2) Glu1-plasminogen also accumulated in
the center of the microthrombus, similar to fibrin deposition during
the early stages of thrombus formation, in an endogenously

We used a confocal laser scanning microscope, TCS SP8 (Leica
Microsystems GmbH, Wetzlar, Germany). All experiments were
conducted at 37°C. A total of 40 3 109 platelets/L, in half-diluted
plasma, were supplemented with tPA (1.5 nM), trace amounts of
Alexa Fluor-488 labeled fibrinogen (fbg-488), Alexa Fluor-568
labeled plasminogen (plg-568), and Alexa Fluor 647-labeled TAFI
(TAFI-647). Fluorescence intensity was analyzed by Image J.
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TAFI, a zymogen form of metallocarboxypeptidase, has been
identified by several different groups and assigned multiple names,
including procarboxypeptidase unstable,8 arginine procarboxypeptidase,9 plasma procarboxypeptidase B,10 procarboxypeptidase
B2,11 and TAFI.12 The fundamental function of activated TAFI
(TAFIa) is the removal of C-ter Lys or Arg from bioactive peptides
and proteins. The removal of C-ter Lys from partially degraded fibrin
reduces the binding and activation efficacy of plasminogen.
Generation of TAFIa during the coagulation process therefore
naturally leads to a decrease in plasminogen binding to partially
degraded fibrin and to inhibit lysis.13 The half-maximal suppression
of tPA-induced fibrinolysis in a purified system was achieved at
a concentration of 1.0 nM TAFIa, which is equivalent to ;2% of the
total plasma TAFI concentration.14 TAFI is primarily activated by
thrombin, via cleavage at Arg92-Ala93, and the catalytic efficiency
of thrombin is enhanced by 3 orders of magnitude in the presence of thrombomodulin (TM),14 which is an endothelial cell
transmembrane glycoprotein known to modulate the direction of
thrombin activity from procoagulant to anticoagulant. TM alters
the conformation of TAFI, making it more accessible to cleavage.15
Plasmin is another candidate for the activation of TAFI, and the
catalytic efficiency of plasmin is enhanced by glycosaminoglycans
and polyphosphates, although the catalytic efficiency of plasmin
remains 10-fold lower than that of the thrombin-TM complex.16,17
Both the thrombin-TM complex and plasmin are believed to play
roles in TAFI activation under both physiological and pathological
conditions.15,18

generated plasmin activity-dependent manner.23 (3) Tissue factortriggered clot formation in human platelet-containing plasma
showed uneven, dense, fibrin network structures, containing PSexpressing, activated platelets.25 (4) Activated platelets displayed
profibrinolytic activity by binding both plasminogen and tPA on their
surfaces, initiating fibrinolysis, which was accompanied by the
accumulation of plasminogen to the lytic edge, in an lysine-binding
site-dependent manner.25

Microchip-based flow chamber analysis

Statistical analysis

A microchip-based flow chamber system (Total Thrombus-formation
Analysis System [T-TAS]; Fujimori Kogyo Co., Ltd., Tokyo, Japan)27
was used to monitor the thrombogenicity under flow conditions. The
perfusion system used was as described in the original article.28
Several modifications were implemented to the original procedure.
The process of thrombus formation, at 240 seconds21 shear rate,
was monitored by recording flow pressure changes. The following
parameters were analyzed to evaluate thrombogenicity: (1) time to
10 kPa (T10) is the lag time necessary for the flow pressure to
increase by 10 kPa because of the partial occlusion of the
capillary, as an indicator of the onset of thrombus formation; (2)
occlusion time (OT) is the lag time for the flow pressure to
increase by 80 kPa because of the near-complete occlusion of the
capillary; and (3) area under the curve for 30 minutes (AUC30)
refers to the area under the flow pressure curve for 30 minutes
after the start of the assay.

Data were statistically analyzed by Statcel 3, an add-in software for
Excel (OMS Publishing Inc., Saitama, Japan). The precise methods
are indicated in the figure legends. All data were judged to have
normal distribution and equal variance.

TAFI activation contributed to the prolongation of
pCLT in a platelet concentration-dependent manner
We first assessed the effect of TAFI activation on tPA-induced,
platelet-containing pCLT by turbidimetric assay. pCLT was
significantly prolonged with increased platelet counts (80 or
160 3 109 platelets/L) (Figure 1A). Both TAFIaI and TM-Ab
effectively attenuated the prolongation of pCLT, to similar extents, in
both platelet-free and platelet-containing plasma (Figure 1B).
Because the soluble TM concentration in platelet-free plasma was
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Figure 1. Platelet-dependent prolongation of plasma clot lysis time (pCLT) determined by the turbidimetric method. A final concentration of 2 nM (A-B) or
1.5 nM/1.0 nM (C) tissue-type plasminogen activator (tPA). pCLTs are shown as the average 6 standard deviation. (A) pCLT values at different concentrations of
platelet-containing plasma. The number of samples is as follows; 0, 20, 40, 80, and 160 (3 10 9 /L) platelets, n 5 18, n 5 14, n 5 6, n 5 17, and n 5 10,
respectively (9 independent experiments from 4 donors). (B) The involvement of the thrombomodulin (TM)/thrombin-activatable fibrinolysis inhibitor (TAFI) system in
pCLT. Red (control), 0, 80, and 160 (3 10 9 /L) platelets, n 5 18, n 5 17, and n 5 10, respectively; blue (activated TAFI inhibitor [TAFIaI]), 0, 80, and 160 (3 10 9
/L) platelets, n 5 11, n 5 11, and n 5 8 respectively; and green (neutralizing antibody of TM [TM-Ab]), 0, 80, and 160 (3 10 9 /L) platelets, n 5 7, n 5 7, and n 5 6,
respectively. The effects of TAFIaI were determined in the presence of 5 nM soluble TM, which potently activates TAFI, at different platelet concentrations. Red
bars (control): 0, 80, and 160 (3 10 9 /L) platelets, n 5 8, n 5 7, and n 5 3, respectively. Blue bars (TAFIaI): 0, 80, and 160 (3 10 9 /L) platelets, n 5 5, n 5 6, and
n 5 3, respectively. (C) Requirement for TAFI in plasma for the platelet-dependent prolongation of pCLT. The number of samples was the same in each group;
normal plasma and TAFI-deficient plasma (tPA 1.5 nM, tPA 1.0 nM), n 5 5, n 5 4, and n 5 7, respectively. Red bars are control and blue bars are TAFIaI. Data
were analyzed as follows: Williams multiple comparison test: *P , .05 (TM), **P , .01, Welch’s t test: #P , .005 vs control,
1

P , .005,

11

##
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Results

Figure 2. Real-time imaging analysis of the effect of the

A

thrombomodulin (TM)/thrombin-activatable fibrinolysis
inhibitor (TAFI) system on the accumulation of labeled
plasminogen. (A) Representative sequential overlaid images of

contol

Alexa Fluor 488-labeled fibrinogen (fbg-488; green) and Alexa
Fluor 568-labeled plasminogen (plg-568; red). The dense fibrin
network formed at the activated platelets indicates the heterogeneity of the fibrin network structure. Tissue-type plasminogen activator, at 1.5 nM, was added to initiate plg-568 accumulation at
the activated platelets and on the fibrin fibers. (Upper) Control
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(2, 15, 30, 45, and 60 minutes from the start of video capture).
(Middle) TAFIa inhibitor (TAFIaI; 2, 10, 15, 20, and 25 minutes
TM (TM-Ab; 2, 10, 15, 20, and 25 minutes from the start of video
capture). (B) Average fluorescence intensities of fbg-488 (blue

TM-Ab

circles) and plg-568 (red circles) in the dense fibrin region, in
30-pixel (;34-mm) circular regions of interest, are plotted over
time for the control. Plasminogen accumulation (Plg. accum.) time
(double-headed arrow) was measured as the period from the
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4.29 6 0.98 ng/mL (average 6 standard deviation [SD], from 15
healthy volunteers), such a low concentration of soluble TM
appeared enough for TAFI activation in plasma. Supplementation
with soluble recombinant TM, to activate TAFI, potently prolonged
pCLT, which was most prominently observed at the highest platelet
count (160 3 109 platelets/L). The prolongation induced by soluble
TM could be completely canceled by TAFIaI (Figure 1B).
TAFI is present in both the plasma and in the platelet granule;
therefore, we analyzed the participation of TAFI secreted by activated
platelets during the prolongation of pCLT. Normal washed platelets in
normal plasma successfully activated TAFI and prolonged pCLT.
However, normal washed platelets did not prolong pCLT when TAFIdeficient plasma was used (Figure 1C). This was also true when
larger number of platelets were used and when a lower concentration
of tPA was used to prolong pCLT (Figure 1C). Collectively, these
results suggested that physiological concentrations of platelets
attenuated pCLT through the activation of TAFI, which was derived
from plasma but not from platelets.

(green; fbg-488) and Alexa Fluor 568-labeled plasminogen (red;
plg-568) are displayed in Figure 2A. The accumulation of plg-568 in
the control sample began in the dense fibrin network regions (high
magnification images in supplemental Figure 1), where activated
platelets with exposed PS can be found (supplemental Figure 2),
and propagated to the periphery. Larger amounts of accumulation
were obtained by the addition of either TAFIaI or TM-Ab, especially
in the dense fibrin regions, suggesting that the influence of TAFIa is
more prominent in the dense fibrin regions than at the periphery.

We visualized platelet-containing plasma clot formation and
lysis, using confocal laser scanning microscopy, to evaluate the
spatiotemporal regulation of the TAFI system. In the present study,
we used a lower concentration of tPA (1.5 nM) than was used in
a previous study25 to achieve slower clot lysis. Representative
sequential images of both Alexa Fluor 488-labeled fibrinogen

The average fbg-488 fluorescence intensities in dense fibrin
network regions within a 30-pixel circular region of interest (ROI)
were plotted over time, for control samples (Figure 2B, open
circles). The simultaneous measurement of plg-568 fluorescence
intensities within the same ROI (Figure 2B, closed circles) showed
an increase during the early phase, when fbg-488 fluorescence intensities increased, from fibrin network formation. Almost
10 minutes after an initiation of clot formation, plg-568 fluorescence
intensity ceased to increase and rather decreased, which was
followed by another gradual increase in plg-568 fluorescence to
a maximum level. Finally, the fluorescence of both fbg-488 and plg568 steadily decreased during clot lysis. We measured the time
from the appearance of the fibrin fiber structure to the achievement
of maximal plg-568 fluorescence intensity and defined this time as
the plasminogen accumulation time (Figure 2B, double-headed
arrow). Because the accumulation of plg-568 is dependent on the
C-ter-Lys residues on fibrin fibers, we assumed that the plasminogen accumulation time would be TAFI-dependent. The plasminogen accumulation time in control samples was widely distributed,
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Figure 3. Activated thrombin-activatable fibrinolysis inhibitor (TAFIa)-associated propagation of plasminogen accumulation initiated from the activated
platelet-surfaces. (A) The left panel is a 15-minute “control” panel. Four concentric circles in the dense fibrin network region were analyzed based on Alexa Fluor 488-labeled
fibrinogen fluorescence; green (right). Concentric circles have diameters of 15, 30, 45, and 60 pixels (17, 34, 51, and 68 mm, respectively). (B) Fluorescence intensities (FI) of
Alexa Fluor 568-labeled plasminogen (plg-568) were measured in 4 concentric circles in the dense fibrin network region, and the average FI for the center and the 3 donutshaped areas were determined. Representative FI changes for plg-568 are shown relative to the maximum FI at the center (RFI %). The shading of the lines is from the center
(ie, activated platelets to the outer [light red line to gray lines]). Control (a), TAFIa inhibitor (TAFIaI) (b), neutralizing antibody for thrombomodulin (TM-Ab) (c-d). (C) Propagation
of plasminogen accumulation is represented as the time delay in peak plasminogen FI from the center to each outer donut-shaped area (definition is indicated in the dotted
square areas, as D1, D2, and D3). D1, D2, and D3 are presented as the median and interquartile range. Control (n 5 23) (a), TAFIaI (n 5 21) (b), TM-Ab (n 5 17) (c).
Significance was analyzed by the Mann-Whitney U test (*P , .01 vs control, **P , .01 vs TAFIaI).

suggesting that TAFI activation likely differed among differentially
activated platelets (Figure 2C). The plasminogen accumulation
times as well as plasma clot lysis times were substantially shortened
in the presence of either TAFIaI or TM-Ab (Figure 2C).
10 NOVEMBER 2020 x VOLUME 4, NUMBER 21

To further analyze the involvement of TAFI activation on the platelet
surface, we precisely analyzed how plasminogen accumulation propagated from the activated platelets to the periphery, using concentriccircle ROIs (Figure 3A). A time delay in the maximum plasminogen
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B

A

B

platelets. (A) Representative sequential (a-e at the indicated times) high magnification images (633 objective) of Alexa Fluor 488-labeled fibrinogen (fbg-488, top, green),
Alexa Fluor 568-labeled plasminogen (plg-568, second from top, red), and Alexa Fluor 647-labeled TAFI (TAFI-647; third from top, blue). (B) Images of fbg-488, plg-568,
TAFI-647, and overlay at 20 minutes, 40 seconds from the start of video capture, in the presence of 1 mM e-aminocaproic acid, a lysine analog.

accumulation was observed, from the center of the circle to outside the
circle, in control platelets (Figure 3Ba,Ca), which was inhibited by TAFIaI
(Figure 3Bb,Cb). Though TM-Ab also shortened the plasminogen
accumulation time on average to a similar extent (Figure 2C), their
shortening patterns were different. In the case of TM-Ab, the delay was
essentially canceled in one-third of platelets (Figure 3Bd); two-thirds
showed similar delays as those observed in the control (Figure 3Bc,Cc).
These results may suggest that in the propagation process of the
plasminogen accumulation to the periphery, other mechanism is also
involved in the activation of TAFI than the thrombin/TM-dependent
mechanism. The insufficient neutralization of TM by the antibody used in
the present study, however, must be considered.

fibers and the surfaces of activated platelets. TAFI-647 fluorescence
on activated platelet surfaces increased in a time-dependent
manner, even before the initiation of clot lysis (Figure 4A; TAFI-647).
Further, e-aminocaproic acid, a lysine analog, completely prevented plasminogen accumulation (Figure 4B; supplemental
Figure 3; plg-568), but only partially prevented TAFI accumulation
on the activated platelet surfaces, and some amounts of TAFI-647
fluorescence was unexpectedly detectable (Figure 4B; supplemental Figure 3; TAFI-647). These results suggested that TAFI could
localize to both lysing fibrin fibers and to activated platelet surfaces,
and that the latter is possibly through a C-ter-Lys-independent
mechanism.

Fluorescence-labeled TAFI localized to both
C-ter-Lys-exposed fibrin fibers and the surfaces of
activated platelets

Effects of FXIII on the activation and accumulation
of TAFI

We examined the localization of Alexa Fluor 647-labeled TAFI
(TAFI-647) during clot formation and lysis. When lysis occurred
both during the early phase (Figure 4A, plg-568a and plg-568b;
upper left and lower left angles) and during the later phase
(Figure 4A, plg-568d and plg-568e; upper right), the localization
of TAFI-647 (Figure 4A, TAFI-647) was similar to the localization
of plg-568, which was observed at both C-ter-Lys-exposed fibrin

Because the localization of TAFI on activated platelet surfaces
appeared to be C-ter-Lys-independent, we analyzed the role
played by both plasma factor XIII (FXIII) and cellular FXIII catalytic
A subunit (FXIII-A), the latter of which is exposed on activated
platelets and crosslinks TAFI with the Aa chain of fibrin(ogen).
Both R283, an irreversible inhibitor of FXIIIa that inhibits the
crosslinking of a2AP to fibrin fibers, and TAFIaI effectively
shortened the pCLT in platelet-free normal plasma (Figure 5A,
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Figure 4. Labeled thrombin-activatable fibrinolysis inhibitor (TAFI) localized to both C-terminal lysine exposed fibrin fibers and the surfaces of activated
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Figure 5. Cross-linkage between thrombin-activatable fibrinolysis inhibitor (TAFI) and fibrin is not necessary for TAFI function. (A) Activated factor XIII inhibitor
(FXIIIaI; R283, an irreversible inhibitor against FXIIIa), at 1 mM, and/or activated TAFI inhibitor (TAFIaI), at 5 mM, were added to normal (n 5 7) or FXIII-deficient plasma (n 5 5),
with or without washed normal platelets. Tissue-type plasminogen activator (tPA, 1.5 nM)-induced plasma clot lysis times were determined and are presented as the average
6 SD. Significant differences were analyzed using Student t test (#P , .05,

##

P , .01 vs control, 1P , .05,

11

P , .01 R283 vs R283 and TAFIaI). (B) Representa-

tive sequential high magnification (633 objective) images of Alexa Fluor 488-labeled fibrinogen (fbg-488, top, green), Alexa Fluor 568-labeled plasminogen (plg-568,
second from top, red), and Alexa Fluor 647-labeled TAFI (TAFI-647, third from top, blue) in normal platelet-containing FXIII-deficient plasma. Clot lysis was initiated by
the addition of tPA (2 nM).

left columns; normal), and an additive effect was obtained
following treatment with both inhibitors. These effects were more
obvious in the presence of platelets (Figure 5A; normal). FXIII-deficient
plasma containing normal platelets, however, did not show any
changes in the presence of the FXIIIa inhibitor, even though TAFIaI
potently facilitated clot lysis (Figure 5A, right columns; FXIII-deficient).
The distribution and accumulation of TAFI-647 on both fibrin fibers
and activated platelets were similarly in both FXIII-deficient plasma
(Figure 5B) and normal plasma (Figure 4A) in the presence of normal
platelets. Collectively, neither plasma-derived FXIII nor platelet-derived
FXIII-A affected the effective activation of TAFI, under the condition
used in the present study.

TAFI activation and the modification of
tPA-dependent resistance during thrombogenicity
under flow conditions
To evaluate the physiological role played by TAFI during
thrombogenicity, we assessed the effects of TAFI activation on
thrombolysis under flow conditions (low shear rate; approximately at 240 seconds 21 ), using a microchip-based flow
chamber system (T-TAS). We slightly modified the original
protocol to determine the thrombogenicity of whole blood
10 NOVEMBER 2020 x VOLUME 4, NUMBER 21

(WB), because the occlusion of the microchip capillary, which
had a channel cross-section of 300 mm wide and 80 mm depth,
was largely affected by the concentration of platelets during
the preliminary experiment, as described in the following
section.
First, we evaluated the analytical parameters for thrombogenicity, T 10 , OT, and AUC 30 , for different platelet counts.
Representative pressure curves in normal (Figure 6A; blue
line) and platelet-rich (Figure 6A; pink line) WB were similar, in
contrast to those in platelet-poor WB, which showed either
nonocclusion (Figure 6A; red line) or prolonged occlusion
(Figure 6A; orange line) patterns. When equal amounts of
normal and platelet-poor WB were mixed (platelet-half WB),
the pressure curve showed an intermediate pattern (Figure 6A;
green line). The average of platelet counts, T 10 , OT, and
AUC 30 values for each category are summarized in Figure 6B.
Based on these results, we chose platelet-half WB to limit the
size-dependent efficacy of occlusion in our experimental
condition.
Although the onset of thrombus formation, T10, was not modified by
the presence of tPA and TAFIaI (Figure 6C), we successfully
detected the tPA-induced prolongation of OT, which was further
ACTIVATED PLATELET-BASED TAFI ACTIVATION
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Figure 6. Activation of thrombin-activatable fibrinolysis inhibitor (TAFI) under flow conditions. (A) Thrombogenicity of different platelet concentrations of whole
blood (WB), supplemented with 5 nM tissue-type plasminogen activator was examined using Total Thrombus formation Analysis System (T-TAS). Representative pressure
changes are indicated as color lines: pink, platelet-rich WB; blue, normal WB; green, 50% normal and 50% platelet-poor (platelet-half) WB; orange and red, platelet-poor WB.
(B) Thrombogenicity-related parameters (T10 [red bars]: time to 10-kPa increase, OT [blue bars]: occlusion time, AUC30 [green line]: area under the curve for 30 minutes) in
platelet-poor (80-kPa increase achieved in just 1 sample [74 3 109/L platelets]; the other 2 samples did not achieve an 80-kPa increase within 30 minutes), platelet-half
(n 5 4, 162 6 16 [average 6 SD] 3 109/L platelets), normal (n 5 4, 293 6 7.8 [average 6 SD] 3 109/L platelets), and platelet-rich (n 5 7, 376 6 65 [average 6 SD] 3 109/L
platelets) WB are displayed. Statistical analysis was performed using Williams multiple comparison (*P , .01 against platelet-half WB). (C-E) Thrombogenicity in platelet-half
WB, with or without 5 nM tissue-type plasminogen activator (tPA) or 10 mM activated TAFI inhibitor (TAFIaI), was examined at a shear rate of 240 seconds21. Sample
numbers are as follows (tPA/TAFIaI):

2/2 1/2 2/1

,

,

, and 1/1, n 5 6, n 5 6, n 5 3, and n 5 6, respectively. (C) T10 is shown as the average 6 SD. No significant change

was determined by Student t test. OT (D) and AUC30 (E) are shown as the median and interquartile range and were analyzed using the Mann-Whitney U test (#P , .01 vs
tPA2/TAFIaI2, 1P , .05). Two samples treated with both tPA and TAFIaI, which did not achieve an 80-kPa increase within 1800 seconds, are represented as closed 2 circles
in panel D. Four individuals donated blood to these experiments.

prolonged by the simultaneous use of tPA and TAFIaI; 2 samples
did not reach 80 kPa above baseline values (Figure 6D). Greater
differences between this group and others were observed in the
AUC30 values (Figure 6E). These results suggested that TAFI may
regulate the thrombogenicity under physiological flow conditions by
regulating tPA-induced fibrinolysis.

TM-dependent manner. Thus, the surfaces of the activated
platelets appeared to be essential loci for the regulation of the
coagulation-dependent initiation of fibrinolysis by TAFI. TAFI
activation during thrombus formation was also demonstrated
under flow conditions, which suggested the physiological
relevance of TAFI activity for thrombus stabilization.

In addition to our previous findings, which showed that activated platelets promoted fibrinolysis via the progressive surface
accumulation of both tPA and plasminogen at coagulation start
sites,25 here, we provided evidence of the opposite effect,
demonstrating that activated platelets suppressed fibrinolysis
by diminishing the accumulation and slowing the propagation
of fluorescent plasminogen. This effect was attributed to the
activation of TAFI in plasma in a soluble and/or platelet-derived

Not only supplemented TM, as was shown in our previous study,25
but also endogenously present soluble TM in the plasma from
healthy volunteers effectively activated TAFI following thrombin
generation in our in vitro experimental conditions. TM was initially
demonstrated to be predominantly expressed on vascular and
lymphatic endothelial cells.29 Later, small amounts of TM were
also identified on platelets, megakaryocytes, monocytes, and
neutrophils.30,31 Soluble TM is released from endothelial cells and
can be accelerated during various disease states by proteolytic
activity, generated either in circulation or on the surfaces of
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accumulation from the activated platelets to the periphery in
the case of platelet-rich thrombus. A monoclonal antibody that
selectively inhibits the plasmin-mediated human TAFI activation
was demonstrated to have effectively facilitated the lysis of whole
blood model thrombi.39 In addition to the coagulation-associated
activation phase of TAFI,19,20,40-42 the physiological importance of
plasmin-dependent TAFI activation should be identified.

In vitro findings reported by our25 and other35,36 laboratories
suggested that plasminogen accumulated on activated platelet
surfaces, where dense fibrin networks form, further supporting the
profibrinolytic potential of activated platelets. This mechanism
appears to underly the coagulation-associated enhancement of
fibrinolysis. Therefore, these loci appear to be targets for the TAFImediated regulation of plasminogen accumulation and fibrinolysis.
We successfully semiquantified TAFI activity as a decrease in
fluorescence intensity of plasminogen and a prolongation of
plasminogen accumulation time at the dense fibrin network regions.
We used a lower concentration of tPA (below 2 nM) in our in vitro
tPA-triggered pCLT assay to detect platelet-dependent TAFI
activation constantly, as the maximum activity of TAFI has been
reported to occur within 10 minutes after fibrin clot formation.37 A
small increase of plasminogen (Figures 2B, closed circles and
Figure 3Ba) at initial phase (within 10 minutes after fibrin network
formation) was followed by its decrease because of the initiation of
TAFI activation at the site. The TAFI system appeared to regulate
the profibrinolytic properties of activated platelets by modulating the
amounts of accumulated plasminogen on their surfaces. In addition
to a threshold-dependent TAFIa mechanism for preventing clot
lysis,38 a temporal limitation on the thrombin-dependent activation
of TAFI appeared to be critical under high-plasminogen-activation
conditions.

Using a microchip-based flow chamber system, T-TAS (Figure 6),
we also demonstrated the relevant role of TAFIa in thrombogenesis
of WB under flow conditions. During our previous in vivo study,23
we demonstrated that fibrinolysis proceeded concurrently with
thrombus formation and that both processes were regulated by
platelet-secreted PAI-1 using an in vitro flow chamber model.43 Based
on these findings, we tried to verify whether TAFIa also modifies
thrombogenicity under flow conditions. We successfully demonstrated, in the present study, that the platelet-dependent stabilization
of thrombi was attenuated by TAFIaI under flow conditions in the
presence of tPA. These results contrasted with a report by Leenarerts
et al, in which no statistically significant effects of TAFIa inhibitor were
observed on the tPA-mediated fibrinolysis of thrombi formed under
arterial shear flow.44 Differences in the flow rate, channel size, and
platelet count may underlie these different results.

A detailed analysis of the propagation of plasminogen (red) signals,
initiated from the activated platelets to the peripheral fibrin network,
revealed the existence of a finely regulated mechanism for TAFI
activation. TAFIa, produced by thrombin on the activated platelet
surfaces, appears to propagate to the periphery, along with fibrin
network formation. When TAFIaI was used, the maximum plasminogen accumulation quickly propagated and its delay at the
periphery disappeared (Figure 3Bab,Cab). This phenomenon fits
the threshold-dependent mechanism of TAFIa activity, in which the
cleavage of C-ter-Lys and the inhibition of plasminogen binding
do not occur when TAFIa activity falls below a specific threshold.38
When TM-Ab was used, however, the propagation pattern observed
was similar to that for the control, even though the lysis occurred
earlier than in the control. These results suggest that TAFIa is still
generated by other mechanism than thrombin/TM system and
participates the regulations of both plasminogen accumulation
and fibrinolysis.
Plasmin may also be involved in the activation of TAFI. Previously,
the biphasic pattern of TAFI activation during in vitro, platelet-free,
plasma clot lysis was described. The first peak of TAFIa activity
appeared after the initiation of the coagulation phase, and a second
rise in TAFIa activity was observed during the clot lysis phase.37 The
latter phase, however, had no apparent effect on clot lysis time. In
our present study, although we did not observe a clear biphasic
activation of TAFI, the plasmin-dependent activation of TAFI may
be involved, especially during the clot lysis phase, which may
contribute to the observed delay of propagation in plasminogen
10 NOVEMBER 2020 x VOLUME 4, NUMBER 21

As reviewed by Whyte et al,45 the crucial roles played by platelets
during hemostatic responses are well-established. Their roles in the
fibrinolysis, however, are much more diverse, and consensus has
not yet been reached. In contrast with the profibrinolytic potential of
procoagulant platelets, the anti-fibrinolytic effects of platelets have
previously been reported. All 3 inhibitors of fibrinolysis, PAI-1, a2AP,
and TAFIa, have been demonstrated to attenuate fibrinolytic
activity.46 Platelet-derived TAFI, in conjunction with the TAFI
present in plasma, has been demonstrated to enhance the
attenuation of fibrinolysis,47 as was speculated by Nesheim
et al.48 Our results and those of other groups,41 however, have
clarified that activated platelets increased TAFIa activity and
prolonged clot lysis time only when sufficient amounts of TAFI
were available in the plasma. Although TAFI secreted from platelets
during platelet-rich thrombus formation may affect the plateletmediated resistance to fibrinolysis, plasma-derived TAFI appeared
to be essential for the attenuation of fibrinolysis.
In platelet-containing plasma clots, labeled TAFI accumulated on
both activated platelet surfaces and the progressive lytic edges of
fibrin fibers, in 2 distinct manners (Figure 4A-B). Because TAFI
is well-known to coexist with plasminogen in plasma,10 the
similar distributions between TAFI and plasminogen at these 2
sites is reasonable. A recently identified new C-ter Lys residue,
Lys 556 on a-chain of fibrinogen, which is generated by thrombin on
the activated platelet surfaces, is also a cleavage target by TAFIa.36
A certain amount of TAFI, however, was not dissociated by the use
of a lysine analog. Regardless of TAFI activation, therefore, C-terLys-independent binding with activated platelets occurs, which may
be due to platelet-expressing proteins, including TM30 and FXIII-A.49
Although a functional role for FXIII-A during the TAFI activation was
not demonstrated in our experimental conditions (Figure 5A), FXIIIA was shown to be exposed at the protruding caps of the activated
platelet surface and to exert anti-fibrinolytic functions by crosslinking
a2AP to fibrin.50 Further imaging studies, at higher resolutions, should
be performed to visualize both activated platelet-specific cap structures
and the localization of functional molecules, such as TM.
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endothelial cells.32-34 Based on the observed shortening of pCLT
in the presence of TM-Ab and TAFIaI (Figure 1B-C), these limited
amounts of soluble TM in plasma appeared sufficient for TAFI
activation, even under platelet-free conditions. However, further
TAFI activation may have been induced in the presence of activated
platelets because of the augmented thrombin generation and the
presence of TM on activated platelets.

As Hoffman et al proposed in a cell-based model of hemostasis,1
fibrinolysis appeared to be regulated by both cell- and coagulationbased mechanisms. Here, we demonstrated platelet-based proand anti-fibrinolytic mechanisms. How these mechanisms are
balanced and spatiotemporally regulated in normal subjects and
become dysregulated during pathological states remain to be
determined.
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