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Chronic thromboembolic pulmonary hypertension 
(CTEPH) is a distinct pulmonary vascular disease, cat-

egorized as group IV in the WHO classification of pulmonary 
hypertension (PH).1 CTEPH still remains a serious disorder 
because it is associated with progressive PH, leading to se-
vere right ventricular failure and death.2 The main feature of 
CTEPH, as opposed to pulmonary arterial hypertension, is ob-
struction of pulmonary arteries (PA) by organized thrombi that 
are resistant to fibrinolysis.2–6 Although CTEPH has long been 
considered to simply occur after acute pulmonary embolism,7,8 
it is frequently noted in patients without any previous clinical 
episodes of acute pulmonary embolism or deep vein thrombo-
sis.9 Moreover, most patients with CTEPH are free from the 
traditional risk factors for venous thromboembolism.10 Thus, 
the pathogenesis of CTEPH still remains obscure. Pulmonary 

vascular beds are continuously exposed to circulating micro-
thrombi and contribute to their filtration and fibrinolysis.11 The 
interaction between microthrombi and PA endothelial cells 
(PAECs) is the initial step for thrombolysis.12,13 Thus, there 
should be a key molecular factor(s) involved in the interactions 
between local pulmonary vascular beds and microthrombi.

We have recently demonstrated that plasma levels of 
thrombin-activatable fibrinolysis inhibitor (TAFI, also known 
as carboxypeptidase B2, encoded by CPB2) are significantly 
elevated in CTEPH patients compared with pulmonary arterial 
hypertension patients or controls.14 Additionally, we demon-
strated the minor allele of CPB2 in CTEPH patients compared 
with the standard Asian population.14 TAFI is a glycoprotein 
that is cleaved and activated by the interaction with thrombin 
and thrombomodulin (TM) in vascular beds.15,16 The activated 
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Rationale: Pulmonary hypertension is a fatal disease; however, its pathogenesis still remains to be elucidated. 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is synthesized by the liver and inhibits fibrinolysis. Plasma 
TAFI levels are significantly increased in chronic thromboembolic pulmonary hypertension (CTEPH) patients.

Objective: To determine the role of activated TAFI (TAFIa) in the development of CTEPH.
Methods and Results: Immunostaining showed that TAFI and its binding partner thrombomodulin (TM) were 

highly expressed in the pulmonary arteries (PAs) and thrombus in patients with CTEPH. Moreover, plasma levels 
of TAFIa were increased 10-fold in CTEPH patients compared with controls. In mice, chronic hypoxia caused a 25-
fold increase in plasma levels of TAFIa with increased plasma levels of thrombin and TM, which led to thrombus 
formation in PA, vascular remodeling, and pulmonary hypertension. Consistently, plasma clot lysis time was 
positively correlated with plasma TAFIa levels in mice. Additionally, overexpression of TAFIa caused organized 
thrombus with multiple obstruction of PA flow and reduced survival rate under hypoxia in mice. Bone marrow 
transplantation showed that circulating plasma TAFI from the liver, not in the bone marrow, was activated locally 
in PA endothelial cells through interactions with thrombin and TM. Mechanistic experiments demonstrated 
that TAFIa increased PA endothelial permeability, smooth muscle cell proliferation, and monocyte/macrophage 
activation. Importantly, TAFIa inhibitor and peroxisome proliferator–activated receptor-α agonists significantly 
reduced TAFIa and ameliorated animal models of pulmonary hypertension in mice and rats.

Conclusions:  These results indicate that TAFIa could be a novel biomarker and realistic therapeutic target of 
CTEPH.   (Circ Res. 2017;120:1246-1262. DOI: 10.1161/CIRCRESAHA.117.310640.)
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form of TAFI (TAFIa) reduces plasmin activity and inhibits 
fibrinolysis.17 We found that plasma levels of TAFIa are neg-
atively correlated with clot lysis time in CTEPH patients.14 
Thus, we hypothesized that TAFI is directly involved in the 
pathogenesis of thrombus formation in PA, promoting the de-
velopment of CTEPH. To test this hypothesis, in the present 
study, we used 3 genetically modified mice of TAFI, including 
systemic knockout mice, systemic overexpressing mice, and 
liver-specific overexpressing mice in combination with bone 
marrow (BM) transplantation technique. Here, we report a line 
of evidence that TAFIa levels are markedly increased not only 
in the plasma but also in PA in CTEPH patients and that plasma 
TAFI is activated by TM locally in pulmonary vascular beds, 
inhibiting fibrinolysis and promoting thrombus formation and 
PH in mice. Importantly, peroxisome proliferator–activated 

receptor-α (PPARα) agonists significantly reduced TAFI syn-
thesis by the liver, with a resultant amelioration of PH in mice 
and rats. Thus, our data suggest that TAFIa could be a novel 
and realistic therapeutic target of CTEPH.

Methods
An expanded Methods section is available in the Online Data 
Supplement.

Results
Activation of Plasma TAFI in CTEPH Patients
We have recently reported that CTEPH patients have higher 
plasma levels of total TAFI (TAFIa plus nonactivated TAFI) as-
sessed by enzyme-linked immunosorbent assay (ELISA) and 
higher prevalence of single nucleotide polymorphisms of CPB2 
compared with controls.14 Here, we further performed Western 
blotting to evaluate plasma levels of TAFIa and intact TAFI 
(TAFI, nonactivated TAFI), separately. Although there was no 
difference in plasma TAFI levels between patients with CTEPH 
and those without it or controls, plasma TAFIa levels showed a 
10-fold increase in CTEPH patients compared with pulmonary 
arterial hypertension patients or controls (Figure 1A). Similarly, 
although there was no significant difference in plasma TAFI lev-
els between hypoxic and normoxic mice, plasma TAFIa levels 
showed a 25-fold increase in hypoxic mice compared with nor-
moxic mice (Figure 1B). Interestingly, in the liver, TAFI levels 
were also significantly increased in hypoxic mice compared with 
normoxic mice, with no change in TAFIa levels (Figure 1C). 
Moreover, immunostaining showed the presence of TAFI in the 
pulmonary thrombus of CTEPH patients (Figure 1D). Similarly, 
we detected the endothelial expression of TM,17 which is a bind-
ing partner of TAFI and thrombin (Figure 1D; Online Figure II). 
These results suggest that TAFI is activated by TM in PAECs to 
promote the development of CTEPH.

TAFI Deficiency Ameliorates Hypoxia-Induced PH 
In Vivo
To evaluate the role of TAFI in the pathogenesis of CTEPH, 
we used systemic Cpb2–/– mice and littermate controls 

Nonstandard Abbreviations and Acronyms

BM bone marrow

CPI carboxypeptidase inhibitor

CTEPH chronic thromboembolic pulmonary hypertension

GFP green fluorescent protein

HIF-1α hypoxia-inducible factor-1α

IL interleukin

PA pulmonary artery

PAEC pulmonary artery endothelial cell

PAI-1 plasminogen activator inhibitor-1

PASMC pulmonary artery smooth muscle cell

PH pulmonary hypertension

PPAR peroxisome proliferator–activated receptor

TAFI thrombin-activatable fibrinolysis inhibitor

TAFIa activated thrombin-activatable fibrinolysis inhibitor

TAFI-P TAFI-plasmid

Tg transgenic

TM thrombomodulin

tPA tissue-type plasminogen activator

VE-cadherin vascular endothelial cadherin

Novelty and Significance

What Is Known?

• Chronic thromboembolic pulmonary hypertension (CTEPH) is a fatal 
disease; however, its pathogenesis still remains to be fully elucidated.

• Thrombin-activated fibrinolysis inhibitor (TAFI) inhibits fibrinolysis.

What New Information Does This Article Contribute?

• We developed a novel mouse model of CTEPH, on systemic overex-
pression of TAFI and hypoxia exposure, which showed organized 
thrombus with multiple obstructions of pulmonary arteries and re-
duced survival rate.

• Activated TAFI (TAFIa) enhanced pulmonary artery endothelial perme-
ability, smooth muscle cell proliferation, and monocyte/macrophage 
activation.

• TAFIa inhibitor and peroxisome proliferator–activated receptor-α ago-
nists ameliorated the development of pulmonary hypertension and 
thrombus formation in the novel model of CTEPH.

This is the first study that demonstrates the pathogenic role of 
TAFI in CTEPH. Based on the findings of the present study, TAFIa 
can be regarded as a crucial molecule at the crossroad of inflam-
mation, pulmonary artery remodeling, and thrombus formation 
in the pathogenesis of CTEPH. Mechanistically, increased plasma 
levels of TAFIa induced pulmonary artery endothelial cell dys-
function and promoted adjacent pulmonary artery smooth mus-
cle cells proliferation. Three-dimensional computed tomography 
showed that TAFI-overexpressing mice had multiple pulmonary 
artery obstructions, which were similar to those of CTEPH pa-
tients. Finally, inhibition of TAFIa reduced thrombus formation in 
pulmonary arteries and improved survival of the mouse model of 
CTEPH. These findings implicate TAFI as a crucial molecule in the 
development of CTEPH and thrombus formation, supporting its 
role as a potential biomarker and therapeutic target.
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Figure 1. Increased plasma levels of activated thrombin-activatable fibrinolysis inhibitor (TAFI) in chronic thromboembolic 
pulmonary hypertension (CTEPH) patients. A, Representative Western blot and quantification of intact TAFI (TAFI) and activated 
TAFI (TAFIa) levels in the plasma from CTEPH patients (n=32) compared with pulmonary arterial hypertension (PAH) patients (n=22) and 
controls (n=13). B and C, Representative Western blot and quantification of TAFI and TAFIa levels in the plasma (B) and liver homogenates 
(C) of wild-type mice exposed to normoxia or hypoxia (10% O2) for 3 weeks (n=6 each). D, Representative immunostaining for TAFI and 
thrombomodulin (TM) of the pulmonary arteries (PA) in CTEPH patients and controls. Scale bars, 50 μm. E, Representative Elastica–
Masson (EM) and immunostaining for α-smooth muscle actin (αSMA) of the PAs in Cpb2–/– and control mice (Cpb2+/+). Scale bars, 50 μm. 
F, Muscularization of distal PAs with a diameter of 20 to 70 μm in Cpb2–/– and Cpb2+/+ mice exposed to normoxia (n=10 each) or hypoxia 
for 3 weeks (n=14 each). G and H, Right ventricular systolic pressure (RVSP; G) and right ventricular hypertrophy (RVH) assessed by the 
ratio of right ventricle to left ventricle plus septum weight (H) in Cpb2+/+ and Cpb2–/– mice exposed to normoxia (n=10 each) or hypoxia 
(10% O2) for 3 weeks (n=14 each). I, Representative EM, phosphotungstic acid-hematoxylin (PTAH), and immunostaining for TAFI and 
TM of the PA thrombus in Cpb2+/+ mice exposed to hypoxia (10% O2) for 3 weeks. Quantification of PA thrombi per 100 mm2 lung field 
in Cpb2+/+ and Cpb2–/– mice exposed to normoxia (n=10 each) or hypoxia (10% O2) for 3 weeks (n=14 each). J, Quantification of plasma 
levels of thrombin–antithrombin complex (TAT) and TM in Cpb2+/+ and Cpb2–/– mice exposed to normoxia or hypoxia (10% O2) for 3 weeks 
(n=6 each). The plasma levels at each point were compared with those at day 0 by analysis of variance (ANOVA) followed by Tukey HSD 
test for multiple comparisons. K, Quantification of plasma clot lysis time in Cpb2 +/+ and Cpb2–/– mice exposed to normoxia (n=10 each) 
or hypoxia (10% O2) for 3 weeks (n=14 each). Results are expressed as mean±SEM. *P<0.05, **P<0.01. Comparisons of parameters 
were performed with the unpaired Student t test or 2-way ANOVA followed by Tukey HSD test for multiple comparisons. F indicates fully 
muscularized vessels; N, nonmuscularized vessels; and P, partially muscularized vessels.
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(Cpb2+/+ mice). Hypoxia promotes the cleavage of TAFI, in-
creases plasma levels of TAFIa,15 and prolongs the clot lysis 
time.18,19 Thus, we used a mouse model of hypoxia-induced 
PH. Importantly, in wild-type mice, TM expression was high 
in PAECs (Online Figure III), but was low in aortic endothe-
lial cells (Online Figure IV). Under normoxia, the morphol-
ogy of PAs was similar between Cpb2–/– and control mice 
(Figure 1E). When exposed to hypoxia for 3 weeks, the ani-
mals exhibited increased medial thickness of PAs and muscu-
larized distal PAs with immunoreactivity for α-smooth muscle 
actin, the extent of which was attenuated in Cpb2–/– mice than 
in Cpb2+/+ mice (Figure 1E). Compared with Cpb2+/+ mice, 
Cpb2–/– mice exhibited fewer muscularized distal PAs after 
hypoxic exposure (Figure 1F). Consistent with these mor-
phological changes, Cpb2+/+ mice exhibited increased right 
ventricular systolic pressure, which was significantly attenu-
ated in Cpb2–/– mice (Figure 1G). The increased ratio of the 
right ventricle to the left ventricle plus the septum weight [RV/
(LV+Sep)] was also attenuated in Cpb2–/– mice (Figure 1H), 
suggesting a crucial role of TAFI in hypoxia-induced PH. 
Importantly, chronic hypoxia significantly increased the num-
ber of PAs with thrombus in Cpb2+/+ mice, which was sig-
nificantly less in Cpb2–/– mice (Figure 1I). Moreover, chronic 
hypoxia increased plasma thrombin–antithrombin complex in 
both Cpb2+/+ and Cpb2–/– mice (Figure 1J). Additionally, hy-
poxia transiently reduced soluble TM followed by recovery 
after 21 days (Figure 1J), indicating increased binding part-
ners for TAFI activation. Consistently, hypoxia significantly 
prolonged plasma clot lysis time in Cpb2+/+ mice, which was 
significantly lower in Cpb2–/– mice (Figure 1K). These results 
suggest that TAFI is crucial for enhancing pulmonary throm-
bus formation, vascular remodeling, and development of hy-
poxia-induced PH.

TAFI Overexpression Aggravates Hypoxia-Induced 
PH In Vivo.
To further evaluate the role of TAFI in the pathogenesis of PH, 
we developed systemic TAFI-overexpressing mice (TAFI-
Tg). TAFI-Tg and control mice showed normal growth un-
der physiological conditions and no significant difference in 
systolic blood pressure or laboratory data (Online Table II). 
After 3-week exposure to hypoxia, 38% of the TAFI-Tg mice 
died, whereas only 4% of the control mice did (Figure 2A). 
Hypoxia significantly increased plasma levels of TAFI and 
TAFIa in both TAFI-Tg and control mice to a greater extent in 
TAFI-Tg mice than in controls (Figure 2B). Under normoxia, 
the morphology of the PAs was similar between control and 
TAFI-Tg mice (Figure 2C). In contrast, after hypoxia for 3 
weeks, alive TAFI-Tg mice exhibited increased musculariza-
tion of distal PAs compared with control mice (Figure 2D). 
Consistent with these morphological changes, TAFI-Tg 
mice exhibited increased right ventricular systolic pressure 
and right ventricular hypertrophy compared with control 
mice (Figure 2E). These changes in male mice were compa-
rable in female mice (Online Figure V). Moreover, TAFI-Tg 
mice, as compared with controls, had an increased number 
of PA thrombi (Figure 2F) and plasma levels of D-dimer 
(Figure 2G). Hypoxia significantly increased plasma levels 
of thrombin–antithrombin complex and tended to increase 

those of TM (Figure 2G), contributing to TAFI activation 
as binding partners. Indeed, plasma clot lysis time was sig-
nificantly prolonged in TAFI-Tg mice compared with control 
mice (Figure 2H). Treatment with carboxypeptidase inhibitor 
(CPI; TAFIa inhibitor)20 significantly shortened plasma clot 
lysis time in TAFI-Tg mice (Figure 2I). In contrast, additional 
human TAFI significantly prolonged plasma clot lysis time 
in control mice (Figure 2J), which was again shortened by 
CPI. Moreover, plasma clot lysis time was significantly pro-
longed in TAFI-Tg PAECs compared with control PAECs in 
situ (Online Figure VIA and VIB). Likewise, plasma clot lysis 
time was significantly prolonged in human PAECs transfected 
with human TAFI compared with those transfected with con-
trol plasmid in situ (Online Figure VIC through VIE). Finally, 
3-dimensional computed tomography showed that TAFI-Tg 
mice had multiple obstructions of PAs after 3 weeks of hy-
poxia, which was not observed in control mice (Figure 2K). 
These results suggest that TAFI promotes thrombus forma-
tion, pulmonary vascular remodeling, and development of 
hypoxia-induced PH.

TAFI Augments Pulmonary Vascular Inflammation
Pulmonary vascular inflammation is a trigger for thrombus 
formation and the development of CTEPH.21,22 TAFI overex-
pression augmented hypoxia-induced perivascular inflamma-
tion in TAFI-Tg mice (Online Figure VII), in which we found 
increased accumulation of perivascular F4/80+ macrophages 
(Online Figure VIII). Consistently, TAFI overexpression in-
creased cytokines/chemokines and growth factors in the lung 
and the serum after hypoxic exposure (Online Figures VIIC 
and IX). Importantly, TAFI-Tg mice showed a significant in-
crease in platelet-derived growth factor-BB as compared with 
controls (Online Figure VIIC). It is widely known that BM-
derived cells are involved in the pathogenesis of PH.23,24 Thus, 
we considered that TAFI overexpression in BM cells could 
promote hypoxia-induced PH in TAFI-Tg mice. To address 
this issue, green fluorescent protein (GFP)–positive BM cells 
were transplanted into irradiated control and TAFI-Tg mice 
(Figure 3A). After reconstitution of the BM, chimeric mice 
were exposed to normoxia or hypoxia for 3 weeks. Under nor-
moxia, GFP expression in the whole lung of the chimeric mice 
was comparable between control and TAFI-Tg mice (Online 
Figure X). However, hypoxia enhanced GFP expression and 
the number of GFP+ cells in the PAs of the chimeric mice, 
the extents of which were greater in TAFI-Tg than in control 
mice (Figure 3B and 3C; Online Figure X). Indeed, as shown 
in the 3D images of distal PAs, abundant GFP+ cells adhered 
to the adventitia in TAFI-Tg recipient mice (Figure 3D). To 
further elucidate the cell phenotypes in the adventitia, we 
used flow cytometry for analyzing lung cell suspensions from 
TAFI-Tg and control chimeric mice (Figure 3E and 3F).25 The 
percentages of CD45+ leukocytes in lungs were significantly 
increased in TAFI-Tg chimeric mice compared with control 
chimeric mice (Figure 3E). Moreover, the percentages of 
CD45+CD11b+Ly6G− monocytes/macrophages in lungs were 
significantly increased in TAFI-Tg chimeric mice compared 
with control chimeric mice (Figure 3F), suggesting a crucial 
role of monocytes/macrophages in TAFI-mediated PA inflam-
mation. Consistently, the secretions of cytokines/chemokines 
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Figure 2. Thrombin-activatable fibrinolysis inhibitor (TAFI) overexpression promotes hypoxia-induced pulmonary hypertension (PH) 
in mice. A, Survival rate of systemic TAFI-overexpressing mice (TAFI-Tg) and control mice exposed to normoxia (n=19 each) or hypoxia (10% 
O2) for 3 weeks (n=22 each). Results are expressed as log-rank test. B, Representative Western blot and quantification of TAFI and activated 
TAFI (TAFIa) expression in the plasma from TAFI-Tg and control mice exposed to normoxia or hypoxia (10% O2; n=3 each). Each plasma level 
was compared with that at day 0 by unpaired Student t test. C, Representative Elastica–Masson (EM) and immunostaining for α-smooth 
muscle actin (αSMA) of the distal pulmonary arteries (PA) in TAFI-Tg and control mice exposed to normoxia or hypoxia (10% O2) for 3 weeks. 
Scale bars, 50 μm. D, Muscularization of distal PAs in TAFI-Tg and control mice exposed to normoxia (n=19 each) or hypoxia (10% O2) for 3 
weeks (TAFI-Tg, n=14; controls, n=21). E, Right ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH) in TAFI-Tg and 
control mice exposed to normoxia (n=19 each) or hypoxia (10% O2) for 3 weeks (TAFI-Tg, n=14; controls, n=21). F, Quantification of number 
of PA thrombus per 100 mm2 lung field in TAFI-Tg and control mice exposed to normoxia (n=19 each) or hypoxia (10% O2) for 3 weeks 
(TAFI-Tg, n=14; controls, n=21). G, Plasma levels of D-dimer, thrombin–antithrombin complex (TAT), and thrombomodulin (TM) in TAFI-Tg 
and control mice exposed to normoxia or hypoxia (10% O2) for 3 weeks (n=8 each). H, Measurement of plasma clot lysis time (CLT) in TAFI-
Tg and control mice exposed to normoxia (n=19 each) or hypoxia (10% O2) for 3 weeks (TAFI-Tg, n=14; controls, n=21). I, Measurement of 
plasma CLT in TAFI-Tg mice. The plasma was mixed with a TAFIa inhibitor (25 μg/mL) or vehicle (n=19 each). J, Measurement of plasma 
CLT in control mice. The plasma was mixed with human TAFI (hTAFI; 1 nmol/L), TAFIa inhibitor (25 μg/mL), or vehicle (n=19 each). K, 
Representative images of 3-dimensional computed tomography (3D-CT) of PAs in TAFI-Tg and control mice. Quantification of frequency 
of obstruction in large PAs detected by 3D-CT (n=12 each). Results are expressed as mean±SEM. *P<0.05, **P<0.01. Comparisons of 
parameters were performed with the unpaired Student t test or 2-way analysis of variance (ANOVA) followed by Tukey HSD test for multiple 
comparisons. F indicates fully muscularized vessels; N, nonmuscularized vessels; and P, partially muscularized vessels.
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and growth factors were significantly increased in PA smooth 
muscle cells (PASMCs) harvested from the distal PAs of 
TAFI-Tg mice compared with controls (Online Figure XIA). 
Thus, contrary to our original notion, these results indicate 

that enhanced PA inflammation in TAFI-Tg mice is because 
of upregulated TAFI in the recipient lung. Again, PA throm-
bus formation was consistently increased in TAFI-Tg mice 
compared with controls (Figure 3G). Similarly, the extent of 

Figure 3. Thrombin-activatable fibrinolysis inhibitor (TAFI) recruits bone marrow–derived cells. A, Bone marrow transplantation 
(BMT) protocol. Bone marrow (BM) cells (GFP+) were transplanted into irradiated TAFI-overexpressing mice (TAFI-Tg) or control mice. After 
reconstitution of the BM, the chimeric mice were exposed to hypoxia (10% O2) for 3 weeks. B, Representative immunostaining for green 
fluorescent protein (GFP; green), α-smooth muscle actin (αSMA; Cy3, red), and DAPI (blue) of lung sections from TAFI-Tg and wild-type 
(WT) recipient mice with GFP+ BM exposed to normoxia or hypoxia (10% O2) for 3 weeks. Scale bars, 50 μm. C, Quantification of GFP+ 
cells per 100 mm2 lung field in TAFI-Tg and WT recipient mice with GFP+ BM in normoxia (n=10 each) or hypoxia (10% O2) for 3 weeks 
(n=12 each). D, Representative 3-dimensional (3D) images of immunostaining for GFP (green), αSMA (Cy3, red), and DAPI (blue) of the 
distal pulmonary arteries (PAs) in TAFI-Tg and WT recipient mice with GFP+ BM exposed to normoxia or hypoxia (10% O2) for 3 weeks. 
Scale bars, 50 μm. E, Lung cell suspensions within the forward scatter (FSC)/side scatter (SSC) gate were analyzed for CD45+ positivity 
(red) against SSC. Quantification of CD45+ cells in WT and TAFI-Tg mice (n=10 each). F, Quantification of populations of CD45+ CD11b+ 
Ly6G− monocytes/macrophages (green) and CD45+CD11b+Ly6G+ neutrophils (blue; n=10 each). G, Quantification of the number of PA 
thrombi per 100 mm2 lung field in TAFI-Tg and WT recipient mice with GFP+ BM exposed to normoxia (n=10 each) or hypoxia (10% O2) 
for 3 weeks (n=12 each). H, Right ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH) in TAFI-Tg and WT recipient 
mice with GFP+ BM exposed to normoxia (n=10 each) or hypoxia (10% O2) for 3 weeks (n=12 each). I, Cpb2+/+ and Cpb2–/– BM were 
transplanted into irradiated 8-week-old Cpb2+/+ mice. After reconstitution of the BM, chimeric mice were exposed to hypoxia (10% O2) for 
3 weeks. J, RVSP, RVH, and the number of PA thrombi in Cpb2+/+ recipient mice with Cpb2+/+ or Cpb2–/– BM exposed to hypoxia (10% O2) 
for 3 weeks (n=14 each). Results are expressed as mean±SEM. *P<0.05, **P<0.01. Comparisons of parameters were performed with the 
unpaired Student t test or 2-way analysis of variance (ANOVA) followed by Tukey HSD test for multiple comparisons.
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PH was still severe in TAFI-Tg mice compared with controls 
even after BM reconstitution (Figure 3H). To further confirm 
the role of TAFI in BM-derived cells, Cpb2+/+ and Cpb2–/– 
BM cells were transplanted into irradiated Cpb2+/+ mice 
(Figure 3I). Complete blood count was comparable between 
the chimeric mice (Online Table III). Again, there was no sig-
nificant difference in right ventricular systolic pressure, right 
ventricular hypertrophy, or thrombus formation between the 
chimeric mice (Figure 3J), indicating that TAFI in the lung, 
but not in the BM, causes PA inflammation and PH.

Plasma TAFI Promotes Hypoxia-Induced  
Thrombus Formation and PH
Although immunostaining showed the presence of TAFI in 
the lung of CTEPH patients (Figure 1D), TAFI is known to 
be synthesized mainly by the liver and is released into the 

plasma.17 Here, to further examine the role of TAFI in the 
plasma, we overexpressed TAFI in the liver by using an albu-
min promoter-driven recombinant plasmid (pLIVE [plasmid 
for liver in vivo expression]-human TAFI). Then, the liver-
specific TAFI-overexpressing mice (TAFI-P) and mice with 
control plasmid were exposed to hypoxia for 3 weeks (Figure 
4A). Western blotting showed that both the plasma and the 
liver levels of TAFI were significantly increased in TAFI-P 
mice compared with mice with control plasmid (Figure 4B). 
After 3 weeks of exposure to hypoxia, the number of PA 
thrombi was significantly increased in TAFI-P mice compared 
with mice with control plasmid (Figure 4C). Consistently, 
plasma clot lysis time was significantly prolonged in TAFI-P 
mice compared with mice with control plasmid (Figure 4D). 
Additionally, increased plasma TAFI reduced vascular en-
dothelial cadherin (VE-cadherin) expression and increased 

Figure 4. Plasma thrombin-activatable fibrinolysis inhibitor (TAFI) promotes hypoxia-induced thrombus formation and pulmonary 
hypertension (PH). A, Recombinant plasmid protocol to develop liver-specific TAFI-overexpressing mice. Liver-specific TAFI-
overexpressing plasmid is human TAFI plasmid cloned into pLIVE (plasmid for liver in vivo expression) vector. The recombinant plasmid 
and control plasmid were injected through the tail vein of wild-type (WT) mice. After 1 week, WT mice treated with recombinant plasmid 
(TAFI-P) and control plasmid (Ctrl-P) were exposed to hypoxia (10% O2) for 3 weeks. B, Representative Western blot and quantification of 
TAFI, activated (TAFIa), and β actin expression in the plasma and liver homogenates of TAFI-P and Ctrl-P mice exposed to normoxia for 
3 weeks (n=6 each). C, Quantification of the number of pulmonary artery (PA) thrombus in TAFI-P and Ctrl-P mice exposed to normoxia 
(n=10 each) or hypoxia (10% O2) for 3 weeks (n=14 each). D, Quantification of plasma clot lysis time in TAFI-P and Ctrl-P mice exposed 
to normoxia (n=10 each) or hypoxia (10% O2) for 3 weeks (n=14 each). E, Western blot assessments of vascular endothelial cadherin (VE-
cadherin)/α-tubulin and phosphorylated/total extracellular signal–regulated kinase (ERK)1/2 in lung homogenates of TAFI-P and Ctrl-P 
mice exposed to normoxia (n=6 each) or hypoxia (10% O2) for 3 weeks (n=6 each). F, Right ventricular systolic pressure (RVSP) and right 
ventricular hypertrophy (RVH) in TAFI-P and Ctrl-P mice exposed to normoxia (n=10 each) or hypoxia (10% O2) for 3 weeks (n=14 each). 
Results are expressed as mean±SEM. *P<0.05, **P<0.01. Comparisons of parameters were performed with the unpaired Student t test or 
2-way analysis of variance (ANOVA) followed by Tukey HSD test for multiple comparisons.
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extracellular signal–regulated kinase 1/2 signaling in the lung 
(Figure 4E). Finally, TAFI-P mice showed severe PH (Figure 
4F), suggesting that plasma TAFI directly promotes the de-
velopment of thrombus formation and PH.

Plasma TAFI Enhances PAEC Permeability 
and PASMC Proliferation
Considering the importance of increased plasma levels of 
TAFI in CTEPH, we considered that plasma TAFI may di-
rectly affect PAECs to induce endothelial dysfunction. 
Indeed, TAFI was also expressed in PAECs of CTEPH pa-
tients (Online Figure II), implicating the adhesion of plasma 
TAFI to PAECs. To address this issue, we treated PAECs with 
human TAFI and examined the changes in multiple genes 
that regulate endothelial function. Interestingly, human TAFI 
significantly increased mRNA level of vascular cell adhe-
sion molecule-1 and reduced that of VE-cadherin and tPA 
(tissue-type plasminogen activator; Figure 5A). Additionally, 
human TAFI significantly reduced VE-cadherin protein level 
(Figure 5B) and staining (Figure 5C). Moreover, tube for-
mation assay demonstrated that human TAFI significantly 
reduced angiogenesis in PAECs (Online Figure XIIA). TM 
is highly expressed in PAECs26 and binds TAFI for its acti-
vation through interaction with thrombin.27,28 Thus, we con-
sidered that TM is crucial for TAFI-mediated VE-cadherin 
downregulation in PAECs. Interestingly, TM siRNA signifi-
cantly attenuated TAFI-mediated VE-cadherin downregula-
tion (Figure 5B). Moreover, TM siRNA reduced TAFIa in 
conditioned medium, a consistent finding with the previous 
reports that TM in PAECs contributes to TAFI activation 
(Figure 5B).27,28 In contrast, in human aortic endothelial cells, 
TAFI-mediated VE-cadherin downregulation (Online Figure 
XIIB) and TM expression (Figure 5D) were significantly less 
compared with PAECs. Interestingly, treatment with human 
TAFI significantly reduced oxygen consumption rate and in-
creased extracellular acidification rate in PAECs compared 
with vehicle, suggesting that TAFI dysregulates the metabol-
ic homeostasis and function of PAECs (Figure 5E and 5F). 
These results suggest that TM is crucial for TAFI activation 
and endothelial dysfunction, which is a plausible mechanism 
for the pulmonary vasculature-selective occurrence of vascu-
lar lesions in CTEPH patients.

VE-cadherin regulates endothelial permeability,29,30 which 
is important in the pathogenesis of PH.31 Thus, we next ex-
amined PAEC permeability after human TAFI treatment. 
Interestingly, human TAFI significantly increased PAEC per-
meability (Figure 5G), whereas it had no effects in aortic endo-
thelial cells. Additionally, knockdown of TM or VE-cadherin 
significantly reduced TAFI-mediated increase in PAEC per-
meability (Figure 5H). Here, we performed permeability assay 
after treatment with CTEPH plasma. Compared with control 
plasma, CTEPH plasma significantly increased PAEC perme-
ability, which was partially attenuated by a TAFIa inhibitor 
(Figure 5I). Consistently, CTEPH plasma significantly down-
regulated VE-cadherin in PAECs, which was again attenuated 
by a TAFIa inhibitor (Online Figure XIIC). Finally, plasma 
levels of TAFIa positively correlated with PAEC permeability 
(Figure 5J), suggesting that plasma TAFIa promotes PAEC 
permeability through TM in CTEPH patients.

Increased endothelial permeability will expose PASMCs 
to plasma TAFIa, which may promote cell proliferation. To 
address this issue, we examined PASMC apoptosis and pro-
liferation after treatment with human TAFI. Human TAFI ac-
tivated extracellular signal–regulated kinase 1/2 (Figure 6A), 
reduced caspase-3 expression (Figure 6B), and increased 
PASMC proliferation (Figure 6C). Consistently, prolifera-
tion of PASMCs harvested from the distal PAs of TAFI-Tg 
mice was significantly increased compared with control 
mice (Online Figure XIB). To further confirm the role of 
increased plasma TAFIa in CTEPH patients, we performed 
cell proliferation assays with PASMCs after treatment with 
CTEPH plasma. Treatment with CTEPH plasma significantly 
increased extracellular signal–regulated kinase 1/2 activity 
(Figure 6D) and cell proliferation in PASMCs (Figure 6E) as 
compared with control plasma. This proliferative effect was 
attenuated by a TAFIa inhibitor (Figure 6E). Finally, plasma 
levels of TAFIa positively correlated with PASMC prolifera-
tion (Figure 6F), suggesting that TAFIa promotes PASMC 
proliferation in CTEPH patients (Figure 6G).

TAFIa Inhibition Ameliorates Hypoxia-Induced PH
To evaluate the effects of TAFIa inhibition in hypoxia-induced 
PH in mice, we first performed in silico screening using the 
Life Science Knowledge Bank software (http://www.lskb.w-
fusionus.com/) and found several TAFIa inhibitors in the da-
tabase (Online Data Set). Among the TAFIa inhibitors, we 
chose CPI (IC

50
=2.1 nmol/L) to perform in vivo experiments. 

After 3-week exposure to hypoxia, 25% of the TAFI-Tg mice 
with vehicle died, whereas only 6% of the TAFI-Tg mice with 
CPI treatment did (Figure 7A). CPI treatment significantly re-
duced plasma levels of TAFIa (Figure 7B), reduced clot lysis 
time and clot formation (Figure 7C), and ameliorated hypox-
ia-induced PH in both TAFI-Tg and control mice (Figure 7D), 
demonstrating the beneficial effects of the TAFIa inhibitor for 
the treatment of PH.

PPARα Agonists Ameliorate Animal Models of PH
We further examined TAFI inhibitors that are currently used 
in clinical settings and found PPARα agonists. Consistent 
with the hypoxia-induced increase in TAFI in the liver (Figure 
1C), hypoxia significantly increased TAFI synthesis by hepa-
tocytes (HepG

2
 cell lines; Online Figure XIIIA). We exam-

ined the possible therapeutic effects of the PPARα agonists 
as they have been reported to suppress TAFI synthesis by 
hepatocytes.32 Importantly, hypoxia-induced synthesis and 
secretion of TAFI were significantly attenuated by a selec-
tive PPARα agonist, WY14643, in a concentration-dependent 
manner (Online Figure XIIIA). We further confirmed that 
partial PPARα agonists (WY14643, fenofibrate, bezafibrate, 
and clofibrate) and a PPARγ agonist (GW1929) inhibit TAFI 
mRNA, whereas a high-affinity PPARδ agonist (GW0742) 
had no effects (Online Figure XIIIB). Additionally, Western 
blotting showed that PPARα agonists, especially WY14643 
and fenofibrate, inhibited TAFI protein levels in both cell 
lysates and conditioned medium (Figure 7E; Online Figure 
XIIIC). Moreover, hypoxia-inducible factor-1α (HIF-1α) 
knockdown by siRNA significantly reduced the secretion of 
TAFI (Figure 7E), suggesting an involvement of HIF-1α in 
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Figure 5. Thrombin-activatable fibrinolysis inhibitor (TAFI) induces pulmonary artery endothelial cell (PAEC) dysfunction 
and permeability. A, Quantification of mRNA expression of vascular endothelial cadherin (VE-cadherin; VE-cad), tPA (tissue-type 
plasminogen activator), zona occludens protein-1 (ZO-1), prostaglandin I2 (PGI2), endothelial NOS (eNOS), interleukin (IL)-8, junctional 
adhesion molecules (JAM), IL-6, plasminogen activator inhibitor-1 (PAI-1), BCL2-associated X protein (BAX), bone morphogenetic 
protein receptor type II (BMPR2), platelet endothelial cell adhesion molecule-1 (PECAM), apelin (APLN), intercellular adhesion molecule 
(ICAM)-1, and vascular cell adhesion molecule (VCAM)-1 in human pulmonary artery endothelial cells (PAECs) treated with human TAFI 
(hTAFI, 300 nmol/L) for 24 h (n=4 samples per group). For the statistical analyses, unpaired Student t test was used. B, Representative 
Western blot and quantification of VE-cad, TAFI, TAFIa, and α-tubulin expression in total cell lysates (TCL) and conditioned medium 
(CM) of human PAECs treated with hTAFI (300 nmol/L) for 24 h after transfection with thrombomodulin siRNA (si-TM) or control siRNA 
(si-Ctrl; n=4 samples per group). C, Representative immunostaining for VE-cadherin (red) and DAPI (blue) of human PAECs treated 
with hTAFI (300 nmol/L) for 24 h. D, Quantification of mRNA expression of TM in human PAECs and aortic endothelial cells (AoECs). 
E, Quantification of basal oxygen consumption rate (OCR) and max respiration capacity in human PAECs treated with TAFI protein 
(300 nmol/L) for 24 h (n=5 samples per group). F, Basal extracellular acidification rate (ECAR) and OCR/ECAR ratio in human PAECs 
treated with TAFI protein (300 nmol/L) for 24 h (n=5 samples per group). G, Quantification of the permeability in the cell layer of human 
pulmonary PAECs and AoECs treated with hTAFI (300 nmol/L) for 24 h (n=10 samples per group). H, Quantification of the permeability 
in PAEC layer treated with hTAFI (300 nmol/L) for 24 h after transfection with si-TM, si-VE-cad, both siRNA (si-both), and si-Ctrl 
(n=10 samples per group). I, Quantification of the permeability in PAEC layer treated with the plasma from chronic thromboembolic 
pulmonary hypertension (CTEPH) patients (n=32) and controls (n=13) for 24 h. The plasma was mixed with a TAFIa inhibitor (25 μg/mL) 
or vehicle. J, Correlation between PAECs permeability and plasma levels of activated TAFI (TAFIa) in CTEPH patients (n=32). Results 
were analyzed with Pearson rank correlation coefficient. Results are expressed as mean±SEM. *P<0.05, **P<0.01. Comparisons of 
parameters were performed with the unpaired Student t test or 2-way ANOVA followed by Tukey HSD test for multiple comparisons.

 by guest on A
pril 13, 2017

http://circres.ahajournals.org/
D

ow
nloaded from

 

http://circres.ahajournals.org/


Satoh et al  TAFI and CTEPH  1255

Figure 6. Thrombin-activatable fibrinolysis inhibitor (TAFI) promotes proliferation in pulmonary artery smooth muscle cells.  
A, Representative Western blot and quantification of extracellular signal–regulated kinase (ERK)1/2 activity in human pulmonary artery 
smooth muscle cells (PASMCs) treated with TAFI purified from human plasma (hTAFI; 300 nmol/L) or vehicle for 24 h (n=6 samples per 
group). B, Representative Western blot and quantification of caspase-3 and β-actin in human PASMCs exposed to hypoxia (O2 2%) with 
human TAFI (300 μM) or vehicle for 24 h (n=6 samples per group). C, Proliferation (Cell Titer 96 MTT assay) of human PASMCs treated with 
hTAFI (300 nmol/L) or vehicle for 4 days (n=8 samples per group). D, Representative Western blot and quantification of ERK1/2 activity in 
human PASMCs treated with plasma from patients with chronic thromboembolic pulmonary hypertension (CTEPH) or controls mixed with 
a TAFIa inhibitor (25 μg/mL) or vehicle (n=6 each). E, Proliferation of human PASMCs treated with the plasma from CTEPH patients (n=32) 
or controls (n=13) mixed with a TAFIa inhibitor (25 μg/mL) for 4 days. F, Correlation between human PASMC proliferation and plasma levels 
of activated TAFI (TAFIa) in patients with CTEPH (n=32). Results were analyzed with Pearson rank correlation coefficient. G, Schematic 
representation of the molecular mechanisms underlying hypoxia-mediated TAFI activation, thrombus formation, PAEC permeability, and 
PASMC proliferation. Results are expressed as mean±SEM. *P<0.05, **P<0.01. Comparisons of parameters were performed with the 
unpaired Student t test or 2-way analysis of variance (ANOVA) followed by Tukey HSD test for multiple comparisons.
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Figure 7. Activated thrombin-activatable fibrinolysis inhibitor (TAFIa) inhibitors ameliorate pulmonary hypertension (PH) in 
mice. A, Survival rate of TAFI-overexpressing mice (TAFI-Tg) and control mice exposed to hypoxia (10% O2) treatment with a TAFIa 
inhibitor (carboxypeptidase inhibitor [CPI]; 5 mg/kg/d) or vehicle for 3 weeks. Results are expressed as long-rank test. B, (Continued ) 
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the regulation of TAFI synthesis. To further evaluate the role 
of WY14643 and fenofibrate, we treated TAFI-Tg and control 
mice with oral administration of the drugs during hypoxic ex-
posure for 3 weeks. Importantly, both PPARα agonists signifi-
cantly improved the survival of TAFI-Tg mice compared with 
vehicle control (Online Figure XIIID and XIIIF). WY14643 
reduced TAFI levels in the liver and the plasma in hypoxic 
TAFI-Tg and control mice (Figure 7F). After 3-week expo-
sure to hypoxia, HIF-1α expressions in the liver were signifi-
cantly upregulated in both TAFI-Tg and control mice, which 
were again downregulated by WY14643 treatment (Figure 
7G). Additionally, WY14643 downregulated HIF-1α expres-
sion in hepatocytes (HepG2; Online Figure XIV). Moreover, 
WY14643 significantly reduced plasma D-dimer (Online 
Figure XIIIE), clot lysis time, and PA thrombus formation in 
both TAFI-Tg and control mice (Figure 7H), resulting in the 
amelioration of PH in both TAFI-Tg and control mice (Figure 
7I; Online Figure XIIIG). Interestingly, WY14643 treatment 
significantly reduced pulmonary vascular permeability in both 
TAFI-Tg and control mice (Figure 7J). Consistently, serum 
levels of inflammatory cytokines and growth factors (eg, in-
terleukin [IL]-1β, IL-6, GM-CSF [granulocyte macrophage 
colony-stimulating factor], interferon-γ, and tumor necrosis 
factor-α) were significantly reduced, especially in TAFI-Tg 
mice by WY14643 treatment (Online Figure XV). Finally, to 
further confirm the role of PPARα agonists, we used addition-
al 2 rat models of PH; monocrotaline-induced PH and Sugen/
hypoxia-induced PH (Figure 8A and 8E). Plasma levels of 
TAFIa were significantly increased in both models, which 
were significantly reduced by WY14643 treatment (Figure 8B 
and 8F). Moreover, we found significantly increased clot lysis 
time and PA thrombus formation in the lungs of both mod-
els, which were reduced by WY14643 (Figure 8C and 8G). 
Consistently, WY14643 treatment significantly ameliorated 
PH in both rat models (Figure 8D and 8H).

Discussion
Considerable efforts have been devoted to understand the 
pathogenesis of CTEPH, which is caused by residual throm-
boemboli with flaps and meshwork formation in the PAs.33 
However, the molecular pathogenesis of CTEPH has long been 
elusive.34,35 To the best of our knowledge, this is the first study 
that demonstrates the pathogenic role of TAFI in CTEPH. The 
major findings of the present study are that (1) plasma levels 
of TAFIa were markedly increased in CTEPH patients and 

hypoxic mice, (2) TAFI knockdown attenuated the develop-
ment of hypoxia-induced PH, (3) TAFI overexpression pro-
moted the development of hypoxia-induced PH and thrombus 
formation, (4) 3-dimensional computed tomography showed 
multiple obstruction of PAs in TAFI-overexpressing mice, 
(5) the plasma from CTEPH patients enhanced PAEC perme-
ability and PASMC proliferation, and (6) TAFIa inhibitor and 
PPARα agonists reduced plasma TAFI and ameliorated the 
development of PH in mice and rats. Based on these findings, 
we propose the crucial role of plasma TAFIa in the develop-
ment of PH and thrombus formation in PAs.

TM-Mediated TAFI Activation in PAECs
Hypoxia increases plasma TAFIa15 and promotes the devel-
opment of PH.1 Consistently, we detected a 25-fold increase 
in plasma TAFIa in hypoxic mice. In accordance with the 
increase in plasma TAFIa, hypoxic mice showed enhanced 
thrombus formation in PAs. PAECs highly express TM,26 
a binding partner of thrombin and TAFI, by which TAFI is 
cleaved and activated.17 Importantly, TM expression in PAECs 
was enhanced in patients with CTEPH compared with con-
trols. Likewise, TM expression in PAECs was enhanced in 
hypoxic mice compared with normoxic mice. Additionally, 
hypoxia significantly increased plasma levels of thrombin–
antithrombin complex, which is an indicator of plasma lev-
els of thrombin. Thus, it is possible that chronic hypoxia will 
increase the TM–thrombin–TAFI complex on the surface of 
PAECs, promoting cleavage and activation of plasma TAFI 
in pulmonary vascular beds. Conversely, TM knockdown in 
PAECs reduced cleavage and activation of human TAFI in the 
culture medium, supporting the TM-mediated TAFI activa-
tion.27,28 Moreover, TM knockdown attenuated TAFI-mediated 
VE-cadherin downregulation and permeability in PAECs. 
However, these TAFI-mediated changes were absent in aortic 
endothelial cells, which express lower levels of TM compared 
with PAECs. Thus, TM-mediated TAFI activation and endo-
thelial permeability is one of the plausible mechanisms for 
the pulmonary vasculature-selective occurrence of vascular 
lesions in patients.

Mechanisms for TAFI Activation in CTEPH 
Patients
Based on the present results and the previous reports, the in-
creased plasma levels of TAFIa in CTEPH patients can be 
explained in part by the increased TM in PAECs and throm-
bin in the plasma. However, it remains unclear why TAFI is 

Figure 7 Continued. Representative Western blot and quantification of TAFI and TAFIa in the plasma from TAFI-Tg and control mice 
exposed to hypoxia for 3 weeks with CPI (5 mg/kg/d) or vehicle (n=4 each). C, Clot lysis time and the number of pulmonary artery (PA) 
thrombi in TAFI-Tg and control mice exposed to hypoxia for 3 weeks with CPI (5 mg/kg/d) or vehicle (n=12 each). D, Right ventricular 
systolic pressure (RVSP) and right ventricular hypertrophy (RVH) in TAFI-Tg and control mice exposed to hypoxia for 3 weeks with CPI 
(5 mg/kg/d) or vehicle (n=12 each). E, Representative Western blot and quantification of TAFI and TAFIa in conditioned medium (CM) 
of HepG2 cells treated with WY14643 (10 μM) for 24 h after transfection with hypoxia-inducible factor-1α (HIF-1α) si-RNA (si-HIF-1α) 
or control siRNA (si-Ctrl; n=3 each). F, Representative Western blot and quantification of TAFI, TAFIa, and β-actin in the liver and the 
plasma of TAFI-Tg and control mice exposed to hypoxia for 3 weeks with WY14643 (3 mg/kg/d) or vehicle (n=4 each). G, HIF-1α mRNA 
expression in the liver from TAFI-Tg and control mice exposed to hypoxia with WY14643 (n=10 each) or vehicle (n=12 each). H, Clot lysis 
time and the number of PA thrombi in TAFI-Tg and control mice exposed to hypoxia with WY14643 (3 mg/kg/d; n=12 each) or vehicle 
(n=30 each) for 3 weeks. I, RVSP and RVH in TAFI-Tg and control mice exposed to hypoxia for 3 weeks with WY14643 (3 mg/kg/d; n=12 
each) or vehicle (n=30 each). J, Representative confocal images of immunostaining for FITC-dextran (green), vascular endothelial cadherin 
(VE-cadherin; red), and DAPI (blue) and quantification of PA permeability in TAFI-Tg and control mice exposed to hypoxia for 3 weeks with 
WY14643 (3 mg/kg/d) or vehicle (n=8 each). Results are expressed as mean±SEM. *P<0.05, **P<0.01. Comparisons of parameters were 
performed with the unpaired Student t test or 2-way analysis of variance (ANOVA) followed by Tukey HSD test for multiple comparisons.
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10-fold more activated in CTEPH patients compared with 
controls. One of the possible mechanisms is the difference 
in the genetic background of CTEPH patients. As we have 

recently reported, there is a prevalence of the minor allele of 
CPB2 in CTEPH patients compared with the standard popula-
tion.14 Indeed, it has been reported that the single nucleotide 

Figure 8. Peroxisome proliferator–activated receptor (PPAR)α agonists ameliorate Pulmonary Hypertension in Rats. A, Protocol for 
monocrotaline (MCT)-induced pulmonary hypertension (PH) with WY14643 (3 mg/kg/d) or vehicle in rats. B, Representative Western blot 
of thrombin-activatable fibrinolysis inhibitor (TAFI) and activated TAFI (TAFIa) in the plasma after treatment with WY14643 (3 mg/kg/d) or 
vehicle for 3 weeks (Control [Ctrl], n=5; MCT with vehicle, n=9; MCT with WY14643, n=10). C, Representative Elastica–Masson (EM) and 
TAFI staining of the pulmonary artery (PA) thrombus. Scale bars, 50 μm. Clot lysis time and PA thrombus formation after treatment with 
WY14643 (3 mg/kg/d) or vehicle for 3 weeks (Control [Ctrl], n=5; MCT with vehicle, n=9; MCT with WY14643, n=10). D, Right ventricular 
systolic pressure (RVSP) and right ventricular hypertrophy (RVH) assessed by the ratio of right ventricle to left ventricle plus septum 
weight after 3 weeks of treatment with WY14643 (3 mg/kg/d) or vehicle (control [Ctrl], n=5; MCT with vehicle, n=9; MCT with WY14643, 
n=10). E, Protocol for Sugen/hypoxia-induced PH with WY14643 (3 mg/kg/d) or vehicle in rats. F, Representative Western blot of TAFI 
and TAFIa in the plasma after treatment with WY14643 or vehicle for 2 weeks (Ctrl, n=5; Sugen/hypoxia with vehicle, n=10; Sugen/
hypoxia with WY14643, n=10). G, Clot lysis time and PA thrombus formation after treatment with WY14643 or vehicle for 2 weeks (Ctrl, 
n=5; Sugen/hypoxia with vehicle, n=10; Sugen/hypoxia with WY14643, n=10). H, Right ventricular systolic pressure (RVSP) and right 
ventricular hypertrophy (RVH) after treatment with WY14643 or vehicle for 2 weeks (Ctrl, n=5; Sugen/hypoxia with vehicle, n=10; Sugen/
hypoxia with WY14643, n=10). Results are expressed as mean±SEM. *P<0.05. Comparisons of parameters were performed with the 
unpaired Student t test or analysis of variance (ANOVA) followed by Tukey HSD test for multiple comparisons.
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polymorphisms of CPB2 (eg, −1120 G/T; rs799916836 and 
−1583 A/T; rs108737) were related to the elevation of plasma 
TAFI levels.36–38 Importantly, it has been reported that Thr325/
Ile (rs192644738) is associated with differences in TAFIa sta-
bility.38 Among those single nucleotide polymorphisms, we 
detected the minor allele of rs7999168 in 24% of patients, 
that of rs1926447 in 24%, and that of rs1087 in 35%.14 The 
prevalence of the minor allele of CPB2 in CTEPH patients is 
higher compared with the that in standard Asian population 
in the HapMap.39 However, we need to increase the number 
of CTEPH patients to elucidate the role of single nucleotide 
polymorphisms in the pathogenesis of CTEPH. Additionally, 
there may be other minor allele of THBD (TM gene), F2 
(thrombin gene), and F2Rs (thrombin receptor family genes), 
all of which may play crucial roles in the activation of TAFI 
in the plasma. Specifically, we can speculate that some mi-
nor alleles may increase the binding affinity of TAFI for TM 
or strengthen the interaction with thrombin. However, further 
rigorous analyses, especially targeting TM, thrombin, and 
other coagulation factors, are needed to explain the increase in 
TAFIa levels in CTEPH patients. For this purpose, we have re-
cently started the registration of CTEPH patients and analyses 
of whole-genome sequencing. Further studies into the specific 
mechanism of TAFI cleavage and activation would provide 
important additional insights into the pathogenesis of CTEPH.

In addition to these genetic backgrounds, additional en-
vironmental factors (eg, infection, inflammation, residence, 
air pollutions, smoking, and especially hypoxia) would result 
in complex interactions and trigger the activation of TAFI in 
CTEPH patients. Plasma levels of TAFIa were significantly 
increased in mice by hypoxia. Consistently, plasma levels 
of TAFIa were significantly increased in CTEPH patients. 
Synthesis and secretion of TAFI were regulated by HIF-1α 
signaling that mediates hypoxia-induced increases in mul-
tiple inflammatory cytokines/chemokines and growth factors. 
In contrast, expressions of HIF-1α mRNA in the liver were 
equally upregulated by hypoxia in both control and TAFI-Tg 
mice, which were significantly downregulated by WY14643 
treatment. Additionally, WY14643 treatment downregulated 
HIF-1α expression in hepatocytes in vitro. However, these 
WY14643-mediated HIF-1α downregulations in vivo and in 
vitro were potentially the consequences of indirect effects of 
suppression of inflammatory cytokines. Indeed, WY14643 
significantly reduced serum levels of cytokines/chemokines 
and growth factors in TAFI-Tg mice. Moreover, it has been 
demonstrated that inflammatory cytokines (eg, IL-1β, IL-6, 
and IL-18) activate intracellular signaling and transcription 
factors that are recruited to the hypoxia-responsive element 
in the HIF-1α promoter.40–43 Thus, WY14643-mediated re-
ductions in circulating inflammatory cytokines may have 
downregulated HIF-1α activity in the liver. Importantly, the 
levels of HIF-1α activity in the liver were comparable be-
tween the control and TAFI-Tg mice, suggesting that TAFI 
protein itself would not affect HIF-1α activity. In contrast, 
in mice treated with vehicle in hypoxia for 3 weeks, serum 
levels of cytokines/chemokines and growth factors (eg, IL-
1β, IL-6, G-CSF [granulocyte colony-stimulating factor], 
RANTES [regulated on activation, normal T-cell expressed 
and secreted], tumor necrosis factor-α, and platelet-derived 

growth factor-BB) were significantly higher in TAFI-Tg mice 
compared with control mice. Additionally, in vitro experi-
ments with mouse PASMCs and secretion of inflammatory 
cytokines (eg, IL-1β and IL-6) were significantly increased 
in TAFI-Tg PASMCs compared with control PASMCs. 
Moreover, PASMC proliferation in response to 10% FBS 
was significantly higher in TAFI-Tg PASMCs compared 
with control PASMCs. These results suggest that TAFI pro-
tein itself may have proinflammatory effects and promotes 
secretion of inflammatory cytokines and growth factors. On 
the other hand, WY14643-mediated reductions of circulat-
ing inflammatory cytokines should have beneficial effects on 
pulmonary vasculature, including an improvement of PAEC 
function, reduced adhesion molecule expression, reduced 
PASMC proliferation, and deactivation of inflammatory 
cells. Thus, PPARα agonists may have multiple effects on the 
pulmonary vasculature in addition to the downregulation of 
HIF-1α-mediated TAFI synthesis. Altogether, we could offer 
some mechanistic explanations for the WY14643-mediated 
amelioration of PH, which were associated with the inhibi-
tory effects on TAFI synthesis and the anti-inflammatory ef-
fects on pulmonary vasculature.

TAFI-Mediated Pulmonary Vascular Inflammation
Increased endothelial permeability is one of the important 
features of PH because it promotes the translocation of in-
flammatory factors across the vascular wall.31,44 Recent studies 
clearly demonstrated the role of VE-cadherin for endothelial 
permeability.29,45 In the present study, treatment with human 
TAFI reduced VE-cadherin expression and increased PAEC 
permeability. In vivo, it is possible that the increased endothe-
lial permeability exposes PASMCs to plasma TAFI and other 
circulating growth factors. Indeed, in the present study, treat-
ment with human TAFI significantly increased extracellular 
signal–regulated kinase 1/2 phosphorylation and PASMCs 
proliferation. Moreover, the secretions of cytokines/che-
mokines and growth factors were significantly increased in 
PASMCs harvested from the distal PAs of TAFI-Tg mice, sup-
porting the autocrine/paracrine effects of TAFI for PASMC 
activation and proliferation. Consistently, TAFI overexpres-
sion increased cytokines/chemokines and growth factors in 
the lung after hypoxic exposure, suggesting the crucial role of 
TAFI in hypoxia-induced pulmonary vascular inflammation. 
This is consistent with the previous report that TAFI promotes 
lung inflammation in a mouse model of sepsis.46 Because in-
flammation plays a crucial role for the development of PH,47,48 
TAFI-mediated enhancement of perivascular inflammation 
substantially contributes to the development of pulmonary 
vascular remodeling and PH. Based on these results and the 
previous reports, TAFI promotes pulmonary vascular remod-
eling and PH through increasing PAEC permeability, PASMC 
proliferation, and augmented inflammation. However, we still 
do not know the precise mechanisms underlying the TAFI-
induced VE-cadherin downregulation and PASMC prolifera-
tion. Indeed, the receptors for TAFI in PAECs or PASMCs 
remain unidentified. Further studies into the specific mecha-
nism of TAFI-mediated intracellular signaling in PAECs and 
PASMCs would provide important additional insights into the 
pathogenesis of PH.
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Study Limitations
Several limitations should be mentioned for the present study. 
First, we showed that TAFI in BM cells did not contribute 
to the development of PH or thrombus formation. However, 
BM-derived cells are the source of several types of cells in-
cluding platelets. In the present BM experiments, we were un-
able to distinguish the roles of TAFI in each cell component. 
Indeed, we already reported that platelets in CTEPH patients 
are highly activated6 and release TAFI into the plasma.14 Thus, 
BM-derived TAFI, especially from platelets, may play a cru-
cial role in the development of PH. Next, the beneficial effects 
of PPARα agonists may involve factors other than reducing 
plasma TAFIa. Indeed, PPARα agonists regulate lipid metabo-
lism and blood pressure, oxidative stress, and inflammation.49,50 
Moreover, PPARα agonists have been reported to reduce plas-
ma levels of fibrinogen.51 Thus, PPARα agonists may amelio-
rate PH by reducing plasma TAFIa and by other mechanisms.

Clinical Implication and Conclusions
Patients with CTEPH show no typical signs or symptoms 
at the onset of the disease and have no typical risk factors.52 
Although pulmonary embolism is considered as one of the pre-
dictive factors for the development of CTEPH, the incidence 
was not so high (<10%) in the international prospective regis-
try.7,8 Thus, it is difficult to diagnose CTEPH and predict the 
risk in clinical practice. Additionally, most of the established 
diagnostic techniques are invasive, including cardiac catheter-
ization. In the present study, we demonstrated that CTEPH 
patients have a 10-fold increase in plasma TAFIa compared 
with controls, suggesting the usefulness of plasma TAFIa as 
a novel biomarker for CTEPH. Plasma levels of TAFIa can 
be easily measured in outpatient clinics and, thus, could be 
widely used for clinical application. Further accumulation of 
evidence with clinical studies will establish the importance of 
plasma TAFIa as a novel biomarker in CTEPH patients.

Next, we showed that PPARα agonists reduced plasma 
TAFIa levels and thrombus formation, which has the potential 
to cure CTEPH patients. PPARs are members of the nuclear 
hormone receptor superfamily of ligand-activated transcrip-
tion factors, which are mainly related to lipid metabolism, 
insulin sensitivity, and glucose homeostasis.44 Several studies 
indicated that PPAR agonists suppress inflammation in endo-
thelial cells and smooth muscle cells.53,54 Moreover, PPARγ 
agonists attenuate the development of hypoxia-induced PH 
in mice and monocrotaline-induced PH in rats.55 In contrast, 
the role of PPARα agonists in PH remained to be elucidated. 
Importantly, it has also been reported that PPARα agonists 
regulate fibrinolysis56 and suppress TAFI synthesis in hepato-
cytes.32 Indeed, in the present study, PPARα agonists signifi-
cantly reduced plasma TAFIa, ameliorated hypoxia-induced 
PH, and improved survival in TAFI-overexpressing mice. 
Moreover, these findings were also found in both monocro-
taline-induced PH and Sugen/hypoxia-induced PH models 
in rats. Based on the present results and the previous reports, 
PPARα agonists may have a potential to be a useful therapeu-
tic option in PH patients. Recently, we and others demonstrat-
ed that balloon pulmonary angioplasty improves the prognosis 
of CTEPH patients.4,33,57 Additionally, we can use vasodilators 
such as Riociguat for CTEPH patients.52 However, CTEPH 

patients still need anticoagulants for the rest of their life, 
which could cause fatal bleeding and life-threatening events at 
a higher rate (2%–3%/year).52 Here, based on the pathogenic 
role of TAFI in PH, we may consider the use of anticoagu-
lants without the risk of bleeding, such as PPARα agonists or 
TAFIa-specific inhibitors.

In conclusion, TAFI is a crucial molecule in the develop-
ment of PH and thrombus formation in PAs and is useful as a 
novel biomarker and a therapeutic target of CTEPH.
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Supplementary Detailed Methods 

 

Diagnosis of CTEPH 

The diagnosis of patients with CTEPH was made according to the European Society of Cardiology 

(ESC)/European Respiratory Society (ERS) guideline.1  PH was defined as mean pulmonary artery 

pressure (mPAP) >25 mmHg at rest.  CTEPH was diagnosed by ventilation-perfusion scintigraphy, 

computed tomography (CT), optimal coherence tomography (OCT) and pulmonary angiography after the 

treatment with anticoagulants more than 6 months.  Pulmonary function tests, arterial blood gases, chest 

X-ray, and CT scan were also used for the diagnosis. 

 

Clinical Data 

We collected clinical data and blood samples from patients with symptoms and/or signs of CTEPH or 

PAH who were referred to Tohoku University Hospital for right heart catheter examination from August 

2011 to June 2013.  All protocols using human specimens were approved by the Institutional Review 

Board of Tohoku University, Sendai Japan (No. 2011-197).  CTEPH patients (n=32) and PAH patients 

(n=22) were enrolled and those with cancer were excluded.  As non-PH controls, we collected blood 

samples from volunteers (n=13).  All patients provided written consent for the use of their plasma for the 

present study. 

 

Clinical Information 

Clinical characteristics of the controls and the patients with PAH and CTEPH are shown in 

Supplementary Table I.  There was no significant difference in complete blood count among the 

groups.  Mean pulmonary arterial (PA) pressure and pulmonary vascular resistance (PVR) were 

significantly higher in PAH and CTEPH patients compared with controls.  Cardiac index was 

significantly lower in PAH and CTEPH patients compared with controls.  Bioplex cytokine array 

analyses showed significant increases in serum levels of cytokines/chemokines and growth factors in 

CTEPH patients compared with controls (Supplementary Figure I).  

 

Human Lung Samples 

All protocols using human specimens were approved by the Institutional Review Board of Tohoku 

University, Sendai Japan (No. 2013-1-160).  Lung tissues were obtained from CTEPH patients at the 

time of autopsy and controls at the time of thoracic surgery for lung cancer at a site far from the tumor 

margins as previously described.2  All patients and families provided written consent for the use of their 

lung tissues for the present study.  Primary human pulmonary artery smooth muscle cells (PASMCs), 

primary human PAECs, and human aortic endothelial cells (AoECs) were purchased from Lonza (Basel, 

Switzerland).  PASMCs were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 10% 



fetal bovine serum (FBS) at 37°C in a humidified atmosphere of 5% CO2 and 95% air.  PASMCs of 

passage 4 to 7 at 70–80% confluence were used for experiments.  PAECs and AoECs were grown in 

Endothelial Basal Medium (EBM)-2 basal medium supplemented with Endothelial Growth Basal 

Medium (EGM)-2 (Lonza).  Endothelial cells of passages 3 to 5 at 70–80% confluence were used for 

experiments.  

 

Generation and Genotyping of CPB2–/– Mice and TAFI-Tg Mice 

CPB2–/– mice (C57BL/6 background) were obtained from Dr. Morser at the Stanford University 

(California, United States).3  The genotype of mice was confirmed by polymerase chain reaction using 

primers specific for the CPB2 gene, which were one annealing to the 5′ end of TAFI cDNA (5′-

CAAGTCACTGTTGGGATGAAGC-3′) and the second one annealing to the 3′ end of TAFI cDNA (5′-

ATTAACTGTTCCTGATGACATGCC-3′).3  We newly developed systemic TAFI-overexpressing mice 

(TAFI-Tg) (Balb/c background).  Briefly, CAG promoter was inserted into the 5′ site of the mouse TAFI 

cDNA, which was inserted into the pCAGGS vector.  The targeting construct was linearized and injected 

into pronuclei of fertilized zygotes from Balb/c mice and transferred to pseudo-pregnant females.  

Offspring were screened for genomic integration by PCR of tail DNA using the CAG-TAFI specific 

primers.  Mice were generated by breeding F1 heterozygous transgenic males to wild-type females.  All 

mice were backcrossed to the Balb/c strain for at least 6 generations and were genotyped by PCR 

amplification of tail clip samples.  Genotyping primers were as follows: 5′-

CCTACAGCTCCTGGGCAACGT GCTGGTT-3′ and 5′-AGAGGGAAAAAGA- TCTCAGTGGTAT-3′.  

All mice were genotyped by PCR amplification of tail clip samples, and the levels of TAFI were 

confirmed with immunoblotting or immunofluorescence staining using an anti-TAFI monoclonal antibody 

(Abcam, Cambridge, UK).  All experiments in vivo were performed with male mice using littermate as 

wild-type (WT) controls (12-15 weeks of age).  Female mice were used only when we evaluated the 

survival rate and the development of PH in supplements.  Animals were housed under a 12-h light and 

12-h dark regimen and placed on a normal chow diet as previously descrived.2 

 

Preparation of Human TAFI Plasmids and Liver-specific TAFI Overexpression in Mice  

The human TAFI-overexpressing plasmids were obtained from Takara Bio Inc.  The human TAFI gene 

was cloned into the pLIVE vector, and control plasmid DNA was also produced.  Plasmid was injected 

into the tail vein of mice.  The 55 μg of human TAFI pDNA or control pDNA in 1.8 ml of phosphate-

buffered saline (pH 7.4, CaCl2
-, MgCl2

-) were injected within 10 sec into the tail of male C57BL/6J mice 

weighing 25 g each using a 26 G needle.  Two days after injection, TAFI expression in the liver and 

plasma of mice was quantified by Western blotting.4 

 

Animal Experiments 



All animal experiments were performed in accordance with the protocols approved by the Tohoku 

University Animal Care and Use Committee (No. 2015-Kodo-006) based on the ARRIVE guideline.  In 

all animal experiments, we used littermate as controls.  Hypoxia-induced PH models were used to assess 

the development of PH in mice.2  Eight-week-old male WT mice on a normal chow diet were exposed to 

hypoxia (10% O2) or normoxia for 3 weeks as previously described.5,6  Briefly, hypoxic mice were 

housed in an acrylic chamber with a non-recirculating gas mixture of 10% O2 and 90% N2 by adsorption-

type oxygen concentrator to utilized exhaust air (Teijin, Tokyo, Japan), while normoxic mice were housed 

in room air (21% O2) under a 12 h light and dark cycle.  After 3 weeks of exposure to hypoxia (10% O2) 

or normoxia, mice were anesthetized with isoflurane (1.0%).  To examine the development of PH, we 

measured right ventricular systolic pressure (RVSP), right ventricular hypertrophy (RVH), and pulmonary 

vascular remodeling.2,5,6  For right heart catheterization, a 1.2-F pressure catheter (SciSense Inc., Ontario, 

Canada) was inserted in the right jugular vein and advanced into the right ventricle to measure RVSP.7  

All data were analyzed using the Power Lab data acquisition system (AD Instruments, Bella Vista, 

Australia) and were averaged over 10 sequential beats.2,5,6 

 

Assessment of Right Ventricular Hypertrophy 

Formaldehyde-fixed dry hearts were dissected and the right ventricular wall was removed from the left 

ventricle and septum.  The ratio of the right ventricle to the left ventricle plus septum weight 

[RV/(LV+S)] was calculated to determine the extent of RVH.2 

 

Histological Analysis 

After hemodynamic measurements, the heart, lungs, and aorta were rigorously and completely perfused 

with cold phosphate-buffered saline (PBS) at physiological pressure until the colors of the heart and lungs 

clearly showed white, and thereafter, perfusion-fixed with 10% formaldehyde solution.  Then, they were 

fixed in 10% formaldehyde solution for 24 h on a shaker at room temperature.  After the serial steps of 

washing and dehydration, the whole heart, lungs, and aorta were embedded in paraffin, and cross sections 

(3 μm) were prepared.  Paraffin sections were stained with Elastica-Masson (EM), phosphotungstic acid 

hematoxylin (PTAH) staining (Muto Pure Chemicals) for the detection of chronic PA thrombus formation, 

or used for immunostaining.  Antibodies used were as follows; α-smooth muscle actin (αSMA, Sigma-

Aldrich, 1:400), thrombomodulin (TM, R&D systems, 1:400), CD31 (PECAM-1, BD Pharmingen, 1:400), 

CD45 (clone Ly-5, BD Pharmingen, 1:100), Mac-3 (CD107b, BD Pharmingen, 1:400), F4/80 (Biolegend, 

1:400), and CD3 (NICHIREI, 1:400).  Pulmonary arteries adjacent to an airway distal to the respiratory 

bronchiole were evaluated as previously reported.2  Briefly, arteries were considered fully muscularized 

when they had a distinct double elastic lamina visible throughout the diameter of the vessel cross section.  

The arteries were considered partially muscularized when they had a distinct double elastic lamina visible 

for at least half the diameter.  The percentage of vessels with double elastic lamina was calculated as the 



number of muscularized vessels per total number of vessels counted.  In each section, a total of 60–80 

vessels were examined by use of a computer-assisted imaging system (BX51, Olympus, Tokyo, Japan).  

This analysis was performed for the small vessels with external diameters of 20–70 μm. 

 

Baseline Measurements 

Plasma samples were collected using citrate acid from the inferior vena cava in mice under anesthesia and 

then centrifuged for 15 min at 1,000 g within 30 min; aliquots were immediately stored at -80°C.  

Thrombin-antithrombin complex (TAT) and D-dimer were quantified by commercially available ELISA 

kits (USCN Life Science).  TM was quantified by commercially available ELISA kits (R&D systems).  

Each experiment was performed in duplicate. 

 

Plasma Clot Lysis Assay 

The plasma clot lysis assay was performed in a 96-well microtiter plate, using a modification of the 

previous methods.8,9  Briefly, 50 μL of mouse plasma from each mouse was mixed with 30 μL assay 

buffer (100 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.4, 0.8 mmol/L CHAPS) at room temperature.  

Plasma samples were pre-incubated with 25 μg/mL of carboxypeptidase inhibitor (CPI; TAFIa inhibitor) 

for 5 min prior to incubation with assay buffer.  Then, 500 ng/ml monteplase, 10 mmol/L CaCl2 and 2.5 

U/mL human thrombin (Sigma Aldrich, St. Louis, MO) were mixed and clot formation and lysis were 

monitored at 405 nm every 1 min at 37ºC, using SpectraMAX M2e microplate spectrophotometer 

(Molecular Devices Corporation, Sunnyvale, CA).  The clot lysis time was defined as the time from peak 

to the half of the peak and bottom.10 

 

Pulmonary Artery Visualization Using Micro-CT  

After 3 weeks of exposure to hypoxia (10% O2) or normoxia, mice were anesthetized with isoflurane 

(1.0%).  A 25G needle was placed into the right ventricle of mice, and heparin (10 mg/kg body weight) 

was administered.  Microfil (Flowtech) was used as a high-density vascular contrast agent, which was 

delivered via the needle placed in the right ventricle.  The femoral artery was severed to allow drainage 

of the perfusate.11  The lungs were removed from the mice and then fixed with 10% phosphate-buffered 

formalin for 24 h.  The isolated lungs were then preserved with 70–100% concentration raised ethanol 

for 4 days.  After dehydration by ethanol, the lungs were preserved with methyl salicylate for 24 h and 

were then left in open air for 24 h.  The specimens were scanned by a micro-CT system (24–48 μm voxel 

size) (LCT200; Hitachi-Aloka, Tokyo, Japan).  3D micro-CT images were reconstructed by VG Studio 

MAX (Volume Graphics GmbH, Heidelberg, Germany).12  The deficit of large pulmonary arteries 

detected by 3D-CT was considered as ‘obstruction of PA’.  

 

Measurement of Cytokines/Chemokines and Growth Factors by Bioplex System 



Cytokines/chemokines and growth factors secretion from PASMCs or whole lungs were measured with a 

Bioplex system (Bio-Rad, Tokyo, Japan) according to the manufacturer’s instructions.  We measured 

cytokines in conditioned medium from PASMCs (100-mm dish, 10 mL DMEM).  To analyze the levels 

of cytokines/chemokines in lung tissues, pulmonary arteries were perfused with PBS and the circulating 

blood was completely removed.  Lung tissues were homogenized with tissue protein extraction reagent 

(Pierce, Rockford, America) and centrifuged (4°C, 2,500g, 20 min), and thereafter, clear supernatants were 

standardized for total protein content using the BCA Protein Assay kit (Pierce, Rockford, America).13  

Plasma samples were collected using citrate acid from the inferior vena cava in mice under anesthesia, and 

then centrifuged (4°C, 1,000g, 15 min) and aliquots were immediately stored at -80°C.  Mouse 

cytokines/chemokines and growth factors were measured with commercially available kits (Bio-Rad, 9-

Plex, MD0-00000EL and 23-Plex, M60-009RDPD).  Serum levels of cytokines/chemokines and growth 

factors in human samples were measured with commercially available kits (Bio-Rad, 27-Plex, #M50-

0KCAF0Y and 21-Plex, #MF0-005KMII).  Each experiment was performed in duplicate. 

 

Bone Marrow Transplantation 

Bone marrow (BM) transplantation was performed as previously described.5,6,14,15  Briefly, recipient mice 

were lethally irradiated and received an intravenous injection of 5×106 donor GFP+ BM cells suspended in 

100 µL calcium- and magnesium-free PBS with 2% FBS.  After transplantation, the mice were placed on 

a regular chow diet for 4 weeks followed by hypoxic exposure (10% O2) for 3 weeks.  Transgenic mice 

ubiquitously expressing GFP were obtained from Jackson Laboratory.  

 

BM-Derived Cell Recruitment Assays 

Whole lung imaging was performed 3 weeks after exposure to hypoxia (10% O2) or normoxia.  Animals 

were anesthetized with isoflurane (1.0%) and pulmonary arteries were perfused with PBS and perfusion-

fixed with 4% phosphate-buffered paraformaldehyde at physiological pressure for 5 min.  Whole lungs 

were viewed with an entity fluorescence microscope (Leica, MZ16FA) equipped with a digital camera.  

The whole heart and lungs were harvested, fixed for 6 h, embedded in OCT (Tissue-Tek; Miles Inc., 

Elkhart, Illinois, USA) and snap-frozen, and cross-sections (20 μm) were prepared.  Migrating GFP+ 

cells and pulmonary microvasculature were analyzed by labeling with a primary monoclonal antibody 

against αSMA and confocal microscopy (Zeiss, LSM780). 

 

Primary Culture of Mouse PAECs 

Mouse PAECs were isolated by digesting minced lung tissues with collagenase type 2 (GIBCO) for 45 

min at 37 °C.  Cells were suspended in 2 mL of cold PBS plus 0.1% bovine serum albumin, and 

incubated with CD31 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).  CD31+ PAECs were 

selected by the Magnetic Cell Sorting System (Miltenyi Biotec, Bergisch Gladbach, Germany) according 



to the manufacturer’s instructions.  PAECs of passage 4 to 5 at 80–90% confluence were used for 

experiments. 

 

Human TAFI Plasmid  

Human TAFI gene was cloned into the pBApo-CMV vector.  Human PAECs were seeded in 24 well 

plate (10,000 cells/well) and were transfected with human TAFI DNA in OptiMEMTM medium and 

P3000TM regent.  Two days after the transfection, TAFI expression in PAECs was quantified by Western 

blotting.4 

 

RNA Isolation and Real-time PCR  

Isolation of total RNA from human PAECs, human AoECs, and the liver of mice were performed using 

the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s protocol.  Total RNA was converted 

to cDNA using PrimeScript RT Master Mix (Takara Bio Inc., Kusatsu).  Primers for human CPB2 

(Primer Set ID: Hs00255533_m1), CDH5 (Primer Set ID: HS00901465_m1), PECAM1 (Primer Set ID: 

Hs01065282_m1), F11R (Primer Set ID: Hs00170991_m1), TJP1 (Primer Set ID: HS01551861_m1), 

VCAM1 (Primer Set ID: HS0100372_m1), ICAM1 (Primer Set ID: HS00164932_m1), NOS3 (Primer Set 

ID: Hs01574665_m1), PTGIS (Primer Set ID: Hs00919949_m1), SERPINE1 (Primer Set ID: 

Hs01126606_m1), PLAT (Primer Set ID: Hs00263492_m1), BMPR2 (Primer Set ID: Hs00176148_m1), 

BAX (Primer Set ID: Hs00180269_m1), APLN (Hs00936329_m1), IL6 (Primer Set ID: Hs00985639_m1), 

IL8 (Primer Set ID: Hs00174103_m1), THBD (Primer Set ID: HS00264920_s1), HIF1A (Primer Set ID: 

Hs00153153_m1), and Hif1a (Primer Set ID: Mm00468869_m1) were purchased from Life Technologies 

(TaqMan assays, Applied Biosystems, US).  After reverse transcription, quantitative real-time PCR on 

the CFX 96 Real-Time PCR Detection System (Bio-Rad) was performed using either SsoFast Probes 

Supermix (Bio-Rad) for TaqMan probes.  The Ct value determined by CFX Manager Software 

(version2.0, Bio-Rad) for all samples was normalized to housekeeping gene Gapdh and the relative fold 

change was computed by the ΔΔCt method.16 

 

Western Blotting Analysis 

Human PASMCs and HepG2 cells were seeded in 100-mm dishes in DMEM with 10% FBS.  PASMCs 

and HepG2 were allowed to adhere for 24 h, washed two times and starved in serum-free medium for 24 h.  

Human PAECs were seeded in 6-well plates in EBM-2.  PAECs were allowed to adhere for 24 h.  

PASMCs and PAECs were then stimulated with human TAFI protein (300 nM) (Haematologic 

technologies Inc.), vehicle, 5% plasma from CTEPH patients, or 5% plasma from controls for 24 h.  The 

concentration of human TAFI protein was based on our previous paper demonstrating that plasma levels in 

CTEPH patients were around 300 nM.17  HepG2 were then exposed to normoxia or hypoxia (O2 2%) with 

PPARα agonists, WY14643 (10-200 μM), GW0742 (10 μM), GW1927 (10 μM), fenofibrate (10 μM), 



bezafibrate (10μM), clofibrate (10μM), or vehicle for 24 h.  These cells were washed with cold PBS and 

lysed with cell lysis buffer (Cell Signaling) and protease inhibitor cocktail (Sigma-Aldrich) after the 

incubation period.  Total cell lysates from lung and liver homogenates, human PASMCs, PAECs, and 

HepG2 cells were loaded on the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred to polyvinylidene difluoride (PVDF) membranes (GE Healthcare), following blocking for 

1 hour at room temperature in 5% bovine serum albumin in tris-buffered saline with Tween 20 (TBST).16  

The primary antibodies were as follows; α-tubulin (2000:1, Sigma), TAFI (1000:1, Abcam), VE-cadherin 

(1000:1, Cell Signaling Technology), phosphorylated-ERK1/2 (1000:1, Cell Signaling), total-ERK1/2 

(1000:1, Cell Signaling), and caspase-3 (1000:1, Cell Signaling).  The regions containing proteins were 

visualized by the enhanced chemiluminescence system (ECL Prime Western Blotting Detection Reagent, 

GE Healthcare, Buckinghamshire, UK). Densitometric analysis was performed by the Image J Software 

(NIH, Bethesda, USA).  

 

Preparation of Conditioned Medium 

Conditioned medium from PAECs treated with human TAFI protein (300 nM) (Haematologic technologies 

Inc.) or vehicle in EBM-2 were collected and filtered to remove cell debris.  Likewise, conditioned 

medium was collected from PASMCs of TAFI-Tg mice and control mice exposed to normoxia or hypoxia 

(2% O2) for 24 h, and from HepG2 cells treated with WY14643 (10-200 μM), GW0742 (10 μM), GW1927 

(10 μM), fenofibrate (10 μM), bezafibrate (10 μM), clofibrate (10 μM), or vehicle exposed to normoxia or 

hypoxia (2% O2) in DMEM.  Collected medium was concentrated 100-fold with an Amicon ultra filter 

(Millipore Corporation) to yield concentrated conditioned medium.18,19 

 

Immunofluorescence Staining 

Human PAECs were seeded in glass bottom dish (15,000 cells/well) in EBM-2 (Lonza).  The next day, 

PAECs were stimulated with human TAFI protein (300 nM) (Haematologic Technologies Inc.) for 24 h 

and were then fixed with 4% phosphate-buffered paraformaldehyde.  The antibody to VE-cadherin (Cell 

Signaling Technology, 1:500) was used for immunostaining.  Slides were viewed with a fluorescence 

microscopy (LSM 780, Carl Zeiss, Oberkochen, Germany). 

 

Seahorse Analyses 

Human PAECs (25,000-50,000 cells per well) were plated in 24-well Seahorse XFe24 cell culture 

microplates and were incubated at 37ºC for 24 h.  After substituting growth media with assay media (XF 

modified DMEM supplemented with 25 mM glucose and 1 mM sodium pyruvate for mitochondrial flux, 

XF minimal DMEM supplemented with 2 mM glutamine for glycolytic flux), cells were incubated in a 

CO2-free incubator for equilibration prior to analyses.  Oxygen consumption and extracellular 

acidification rates were measured using a Seahorse XFe24 Extracellular Flux Analyzer (Seahorse 



Bioscience/Agilent Technologies, North Billerica, MA).  For mitochondrial flux, three cycles of baseline 

measurements were performed, followed by three 8-minute cycles each after the addition of 2 µM 

oligomycin (inhibitor of ATP synthase), 2 µM FCCP (proton ionophore), and 2 µM antimycin A plus 

rotenone (mitochondrial complex III and complex I inhibitors, respectively).  All data were normalized 

to total protein per well, and were expressed as mean pmol O2 or mpH/minute/µg protein ± SEM.  

 

Permeability Assay 

Human PAECs and human AoECs monolayer permeability were examined using an in vitro vascular 

permeability 96-well assay kit (Merck Millipore) according to the manufacturer’s instructions.  PAECs 

were seeded and transfected with thrombomodulin, VE-cadherin, or control siRNA (10 nmol/l) (QIAGEN, 

Germany) for 72 h.  PAECs were then stimulated with TAFI protein purified from human plasma (300 

nM) (Haematologic Technologies Inc.), vehicle, plasma from CTEPH patients or controls for 24 h.  

Monolayer permeability was determined by addition of a high molecular weight FITC-dextran (Merck 

Millipore) and subsequent measurement of fluorescence intensity using SpectraMAX M2e microplate 

spectrophotometer (Molecular Devices Corporation, Sunnyvale, CA).  Fluorescence intensity was 

measured in duplicate per condition and was normalized to untreated control cells. 

 

Pulmonary Vascular Permeability  

To evaluate pulmonary vascular permeability in vivo, we injected FITC-conjugated dextran (Sigma-

Aldrich) through the inferior vena cava 2 h before the fixation of the whole lungs as previously 

described.20  The lungs were removed and fixed with 4% phosphate-buffered paraformaldehyde for 6 h, 

embedded in OCT (Tissue-Tek; Miles Inc., Elkhart, Illinois, USA), snap-frozen, and cross-sections (20 

μm) were prepared.  Perivascular leak of FITC-conjugated dextran, which reflects vascular permeability, 

was detected by immunostaining for VE-cadherin with a confocal microscopy (Zeiss, LSM780).  The 

fluorescence intensity was evaluated by Image J. 

 

Harvest of Mouse PASMCs 

Mouse PASMCs were cultured from each group of 23–26 g male mice and maintained in DMEM 

containing 10% FBS at 37°C in a humidified atmosphere of 5% CO2 and 95% air as previously 

described.2  Passage 4 to 7 PASMCs at 70–80% confluence was used for experiments. 

 

Cell Proliferation Assay 

Human PASMCs were purchased from Lonza (Basel, Switzerland).  Mouse PASMCs were harvested 

from TAFI-Tg and littermate control mice.  PASMCs were seeded in 96-well plates (5,000 cells/well) in 

DMEM with 10% FBS.  On the next day, PASMCs were starved for 24 h.  Then, human PASMCs were 

stimulated with TAFI protein purified from human plasma (300 nM) (Haematologic Technologies Inc.), 



vehicle, 5% plasma from CTEPH patients or controls for up to 4 days.  Mouse PASMCs were cultured 

with 10% FBS for up to 4 days.  Cell proliferation was measured by the Cell-Titer 96 AQueous One 

Solution Cell Proliferation Assay kit (Promega, Madison, USA).21 

 

Tube Formation Assay 

Sterile 96-well plates coated with Matrigel were incubated at 37°C for 30 min to form gels.  After 

polymerization of the gels, human PAECs obtained from Lonza (Basel, Switzerland) were seeded in each 

well (50,000 cells/well) and incubated with EBM-2 basal medium containing 1% FBS and TAFI (300 nM) 

for 12 h.  Six different fields in each well were randomly selected for the analyses with Image J 

Software. 

 

Flow Cytometry 

After 3 weeks of hypoxia, lungs were perfused with cold PBS to remove blood in the circulation and were 

sliced into small pieces in digestion buffer containing 0.1% collagenase II (GIBCO), which were 

incubated at 37°C for 20 min.  After the incubation, lung tissues were further divided into smaller pieces 

by pipetting.  Then, lung cell suspensions were filtered through a 70 μm filter and washed twice in stain 

buffer (BD Pharmingen) prior to staining for analysis using a BS Cantos II flow cytometer (BD 

Biosciences).  Lung cell suspensions were pelleted and suspended in stain buffer containing rat anti-

mouse CD16/CD32 (BD Pharmingen), PE-conjugated rat anti-mouse CD11b (BD Pharmingen), APC-

conjugated rat anti-mouse Ly-6G IgG2a (BD Pharmingen), FITC-conjugated rat anti-mouse CD45 (BD 

Pharmingen), PE-conjugated rat monoclonal IgG2b (BD Pharmingen), APC-conjugated rat monoclonal 

IgG2a (BD Pharmingen), and FITC-conjugated rat monoclonal IgG2b (BD Pharmingen) for 20 min at 

4°C.  Cell suspensions were washed prior to resuspension for FACS analysis.  For all flow cytometry 

studies, data were collected and visualized using FACSDiva software (BD Biosciences). 

 

Treatment with a TAFIa Inhibitor and PPARα Agonists  

Eight-week-old male TAFI-Tg and control mice were randomized to be treated with either WY14643 (3 

mg/kg/day), fenofibrate (50 mg/kg/day), or vehicle in feed and were exposed to hypoxia (10% O2) for 3 

weeks.  CPI (TAFIa inhibitor) was purchased from the Sigma and infused through the tail vein (5 

mg/kg/day) as previously described.22  After 3 weeks of hypoxia, RVSP, RVH, and thrombus formation 

were measured as previously described.23,24  

 

Rat Models 

Male Sprague-Dawley rats (250–350g) (strain 400, Charles River) were used.  All the hemodynamic 

measurements were performed blinded to the condition.  For the Sugen/hypoxia model, rats were 

injected with SU5416 (Sigma, 20 mg/kg) and exposed to hypoxia (10% O2) for 3 weeks.  For the 



monocrotaline-induced PH model, rats were subcutaneously injected with monocrotaline (Sigma, 60 

mg/kg) as previously described.25  All rats underwent hemodynamic measurements with SciScence 

catheters to measure RVSP as previously described.25  In both models, rats were treated with WY14643 

(3 mg/kg/day) or vehicle by mixed feed.  

 

Statistical Analyses  

All results are shown as mean±SEM.  Comparisons of means between 2 groups were performed by 

unpaired Student’s t-test.  Comparisons of mean responses associated with the two main effects of the 

different genotypes and the severity of pulmonary vascular remodeling were performed by two-way 

analysis of variance (ANOVA) with interaction terms, followed by Tukey’s HSD (honestly significant 

difference) for multiple comparisons.  The relation between plasma TAFIa levels and endothelial 

permeability or PASMC proliferation were analyzed with Pearson's rank correlation coefficient.  The 

survival rates of TAFI-Tg and control mice during hypoxic exposure were analyzed with the log-rank test.  

Statistical significance was evaluated with JMP 12 (SAS Institute Inc., Cary, America) or R version 3.3.2 

(http://www.R-project.org/).  The time-dependent data were analyzed by repeated-measures linear 

mixed-effect model with lmer 1.1-12 and lmerTest 2.0-33 packages of R.  The ratio of fully muscularized 

vessels was analyzed by the Poisson regression with the offset equals to the sum of total vessels with 

multcomp 1.4-6 package or R.  All reported P values are 2-tailed, with a P value of less than 0.05 

indicating statistical significance.2,7 
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Supplementary Table I.  Clinical Information       

      Control   PAH   CTEPH   

      (n=13)   (n=22)   (n=32)   

Clinical characteristics        

  Age (years-old)  59.6±3.2  41.0±4.3  56.9±1.4  

  Male sex, n (%)  3 (23.1)  3 (13.6)  4 (12.5)  

  White blood cell, ×104/μL 7.2±0.5  6.2±0.4  6.1±0.4  

  Red blood cell, ×104/μL  427±11  452±11  428±10  

  Hemoglobin, g/dL  13.1±0.4  13.3±0.3  13.1±0.3  

  Platelet, ×103/μL  242±13  298±9  235±12  

  D-dimer, µg/mL  0.8±0.1  0.6±0.1  1.0±0.2  

  BNP, pg/mL  17±3  87±22*  75±34*  

  NYHA class, n (%)        

      I  ‒  5 (22.7)  7 (21.9)  

      II  ‒  12 (54.5)  21 (65.7)  

      III  ‒  5 (22.7)  3 (9.4)  

      IV  ‒  0  1 (6.2)  

Medication        

  Epoprostenol, n (%)  ‒  5 (22.7)  2 (6.3)  

  Oral PGI2 analogue, n (%) ‒  8 (36.3)  17 (53.1)  

  Endothelin receptor antagonist, n (%) ‒  11 (50.0)  9 (28.1)  

  PDE5 inhibitor, n (%)  ‒  12 (54.5)  15 (46.9)  

  Warfarin, n (%)  ‒  12 (54.5)  29 (90.6)┼  

Hemodynamic data        

  Mean RAP, mmHg  4.7±1.0  6.9±0.6  5.1±0.3  

  Mean PAP, mmHg  18.1±1.0  41.4±2.5*  49.4±1.1*  

  PCWP, mmHg  7.8±0.7  9.0±0.6  8.9±0.3  

  Mean BP, mmHg  99±5.0  106±2.9  82±1.4  

  PVR, dyn×s/cm5  191±7  548±77*  464±23*  

  SVR, dyn×s/cm5  1388±171  1290±87  1452±44  

   CI, L/min/m2   3.6±0.2   2.8±0.1*   2.7±0.1*   

Results are expressed as mean ±SEM. *P<0.05 compared with non-PH, ┼P<0.05 compared with PAH. 

BNP, brain natriuretic peptide; BP, blood pressure; CI, cardiac index; NYHA, New York heart 

association; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PDE, 

phosphodiesterase; PGI2, prostaglandin I2; PVR, pulmonary vascular resistance; RAP, right atrial 

pressure; SVR, systemic vascular resistance. 

 



Supplementary Table II.  Baseline Characteristics of TAFI Overexpressing (TAFI-Tg) Mice  

  Control  TAFI-Tg  P value 

  (n=6)  (n=6)   

Blood test       

 White blood cell (×104/μL) 4.6±1.5  5.1±0.9  n.s. 

 Red blood cell (×104/μL) 9.7±0.1  9.8±0.1  n.s. 

 Hemoglobin (g/dL)  15.5±0.1  15.8±0.3  n.s. 

 Hematocrit  43.9±0.3  44.9±0.6  n.s. 

 Platelet (×103/μL)  321±61  353±35  n.s. 

 Fibrinogen (mg/dL)  209±35  247±66  n.s. 

 aPTT (sec)  27.3±1.2  28.4±1.6  n.s. 

 PT (sec)  8.5±0.3  8.4±0.2  n.s. 
       

Blood pressure (mmHg)  102±9.0  108±11.7  n.s. 
       

Bleeding test       

 bleeding time (sec)  91.2±8.3  92.7±9.3  n.s. 

 bleeding volume (mg)  5.9±0.7  6.0±2.3  n.s. 
       

Body weight (g)  22.3±0.4  21.4±0.6  n.s. 
       

Organ weight/ BW (mg/g)      

 Lung/BW  7.5±0.3  7.2±0.5  n.s. 

 Heart/BW  7.8±0.4  7.6±0.5  n.s. 

 Liver/BW  47.7±2.1  45.0±1.5  n.s. 

 Spleen/BW  4.6±0.1  4.6±0.2  n.s. 

 Kidney/BW  14.6±0.7  13.6±0.5  n.s. 

Results are expressed as mean±SEM.  Tg, transgenic; aPTT, activated partial thromboplastin time; PT, 

prothrombin time; BW, body weight; n.s., not significant.  

  



Supplementary Table III.  Complete Blood Count of the Chimeric Mice 

  
Cpb2+/+ with 

Cpb2+/+ BM 

 

Cpb2+/+ with 

Cpb2–/– BM 
 P value 

  (n=14)  (n=14)   

Blood test       

 White blood cell (104/μL) 6.3±0.5  6.4±0.5  n.s. 

 Red blood cell (104/μL)  9.2±0.2  9.1±0.1  n.s. 

 Hemoglobin (g/dL)  13.6±0.3  13.0±0.3  n.s. 

 Hematocrit (%)  42.2±0.9  43.0±1.2  n.s. 

 Platelet (×103/μL)  383±52  363.5±52  n.s. 

Results are expressed as mean±SEM.  BM, bone marrow; n.s., not significant.  

 

  



Supplementary Figure I.  Serum Levels of Cytokines/Chemokines and Growth Factors in CTEPH 

Patients.  Serum levels of cytokines/chemokines and growth factors in CTEPH patients (n=32) and 

controls (n=13).  Results are expressed as mean±SEM.  *P<0.05.  



Supplementary Figure II.  Higher Expression of TAFI and Thrombomodulin in Distal Pulmonary 

Arteries in CTEPH Patients.  

Representative immunostaining of lung sections for thrombin-activatable fibrinolysis inhibitor (TAFI) and 

thrombomodulin (TM) in CTEPH patients and controls.  Scale bars, 50 μm.  

  



 

Supplementary Figure III.  Higher Expression of Thrombomodulin in Distal Pulmonary Arteries 

in Hypoxic Mice.   

Representative staining of lung sections for Elastica-Masson (EM), CD45, CD31, and thrombomodulin 

(TM) after hypoxic exposure (10% O2) of wild-type mice for 0, 1, 3, 5, 7, and 21 days.  EM, Elastica-

masson staining; TM, Thrombomodulin.  Scale bars, 50 μm. 

  



 

Supplementary Figure IV.  Thrombomodulin Expression in Distal Pulmonary Artery and Aorta in 

Mice.   

Representative thrombomodulin (TM) staining of the lung and the aorta in wild-type mice.  Scale bars, 

50 μm.  

 

  



 

Supplementary Figure V.  TAFI Overexpression Promotes Hypoxia-induced PH in Female Mice. 

(A) Survival rate of systemic TAFI-overexpressing female mice (TAFI-Tg) and control female mice 

exposed to normoxia (n=12 each) or hypoxia (10% O2) for 3 weeks (n=16 each).  Results are expressed 

as log-rank test.  (B) Right ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH) 

in TAFI-Tg female mice and control female mice exposed to normoxia (n=12 each) or hypoxia (10% O2) 

for 3 weeks (n=12 each).  Results are expressed as mean±SEM.  *P<0.05, **P<0.01. 

  



 



Supplementary Figure VI.  In Situ Plasma Clot Lysis Assay.  

(A) Protocol for plasma clot lysis assay using primary cultured mouse pulmonary artery endothelial cells 

(PAECs) from TAFI-Tg and control mice.  (B) Quantification of plasma clot lysis time in TAFI-Tg 

PAECs, control PAECs, and controls (no cells) (n=6 each).  (C) Protocol for plasma clot lysis assay using 

human PAECs transfected with human TAFI or control.  (D) Representative Western blot and 

quantification of TAFI and TAFIa in PAECs transfected with TAFI or control (n=6 samples per group).  

(E) Quantification of plasma clot lysis time in PAECs transfected with TAFI or control (n=6 each).  

Results are expressed as mean±SEM.  *P<0.05. 

  



 



Supplementary Figure VII.  TAFI Causes Inflammation in Mouse Lungs.   

(A) Representative immunostaining for Mac-3 (CD107b) of the distal pulmonary arteries (PA) in TAFI-Tg 

and control mice exposed to normoxia or hypoxia (10% O2) for 3 weeks.  Scale bars, 50 μm.  (B) 

Quantification of Mac-3+ cells per 100 mm2 lung field and vessel in TAFI-Tg and control mice exposed to 

normoxia (n=19 each) or hypoxia (10% O2) for 3 weeks (TAFI-Tg, n=14; controls, n=21).  (C) 

Quantification of protein levels of inflammatory cytokines (IL-1β, IL-6, MCP-1, TNF-α, G-CSF, IFN-γ, 

PDGF-BB, and VEGF) in lung homogenates of TAFI-Tg and control mice exposed to hypoxia (10% O2) 

for 3 weeks (n=4 each).  Results are expressed as mean±SEM.  *P<0.05, **P<0.01.  Comparisons of 

parameters were performed with the unpaired Student’s t-test or two-way ANOVA followed by Tukey's 

HSD test for multiple comparisons. 

  



 

Supplementary Figure VIII.  Perivascular Inflammatory Cells in Distal Pulmonary Arteries. 

Representative images of Mac3, F4/80, and CD3 stainings of distal pulmonary arteries in TAFI-Tg and 

control mice exposed to normoxia or hypoxia for 3weeks.  Scale bar 50 μm. 

  



Supplementary Figure IX.  Serum Levels of Cytokines/chemokines and Growth Factors in Mice. 

Serum levels of cytokines/chemokines and growth factors of TAFI-Tg and control mice exposed to 

normoxia or hypoxia (10% O2) for 3 weeks (n=6 each).  Results are expressed as mean±SEM. *P<0.05, 

**P<0.01. 

 



 

Supplementary Figure X.  TAFI Recruits Bone Marrow-Derived Cells.   

Representative pictures of the whole lung (GFP, green) from TAFI-Tg and WT recipient mice with GFP+ 

bone marrow (BM) exposed to normoxia or hypoxia (10% O2) for 3 weeks.  Scale bars, 3 mm.  

 

 

  



 



Supplementary Figure XI.  TAFI Promotes Inflammation and PASMC Proliferation.  

(A) Levels of cytokines/chemokines and growth factors in conditioned medium of pulmonary artery 

smooth muscle cells (PASMCs) exposed to normoxia or hypoxia (O2 2%) for 24 h (n=4 each).  (B) 

Proliferation assay (Cell Titer 96 MTT assay) of PASMCs harvested from TAFI-Tg and control mice 

cultured with 10% FBS for 4 days (n=8 each).  Results are expressed as mean±SEM.  *P<0.05, 

**P<0.01.  

 

  



Supplementary Figure XII.  TAFI Inhibits Angiogenesis. 

(A) Representative images and quantification of tube formation assay in human pulmonary artery 

endothelial cells (PAECs) treated with human TAFI (300 μM) or vehicle for 12 h (n=8 samples per group).  

(B) Representative Western blot and quantification of VE-cadherin/α-tubulin in human PAECs and aortic 

endothelial cells (AoECs) treated with TAFI protein (300 nM) or vehicle for 24 h (n=4 samples per 

group).  (C) Representative Western blot and quantification of VE-cadherin/α-tubulin in human PAECs 

treated with plasma from patients with CTEPH or controls with or without a TAFIa inhibitor (25 μg/mL) 

or vehicle (n=6 each).  Results are expressed as mean±SEM.  *P<0.05, **P<0.01. 

 



 



Supplementary Figure XIII.  PPARα Agonists Ameliorate Hypoxia-induced PH in Mice. 

(A) Representative Western blot and quantification of TAFI, TAFIa, and α-tubulin in total cell lysates 

(TCL) and conditioned medium (CM) of HepG2 cells exposed to hypoxia (O2 2%) with increasing 

concentrations of WY14643 (0, 10, 50, 100, and 200 μM) for 24 h (n=3 each).  For the statistical 

analyses, unpaired Student’s t-test was used.  (B) Quantification of TAFI mRNA expression in HepG2 

cells treated with WY14643, GW0742, GW1929, fenofibrate, bezafibrate, clofibrate (10 μM each), or 

vehicle for 24 h.  For statistical analysis, unpaired Student’s t-test was used.  (C) Representative 

Western blot and quantification of TAFI, TAFIa, and α-tubulin in TCL and CM of HepG2 cells treated with 

WY14643, fenofibrate, bezafibrate, clofibrate (10 μM each), or vehicle for 24 h (n=4 each).  (D) Survival 

rate of TAFI-Tg and control mice exposed to hypoxia (10% O2) with WY14643 (3 mg/kg/day) or vehicle 

for 3 weeks.  Results are expressed as log-rank test.  (E) Quantification of plasma levels of D-dimer and 

thrombin-antithrombin complex (TAT) in TAFI-Tg and control mice exposed to hypoxia (10% O2) with 

WY14643 (3 mg/kg/day) or vehicle (n=8 each) for 3 weeks.  (F) Survival rate of systemic TAFI-

overexpressing (TAFI-Tg) and control mice exposed to hypoxia (10% O2) with fenofibrate (50 mg/kg/day) 

(n=12 each) or vehicle (n=16 each) for 3 weeks.  Results are expressed as log-rank test.  (G) Right 

ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH) in TAFI-Tg and control 

mice exposed to hypoxia (10% O2) with fenofibrate (50 mg/kg/day) (n=10 each) or vehicle (n=12 each) 

for 3 weeks.  Results are expressed as mean±SEM.  *P<0.05, **P<0.01. 

  



 

Supplementary Figure XIV.  WY14643 Downregulates HIF-1α Expression in Hepatocytes. 

Quantification of HIF-1α mRNA expression in HepG2 cells treated with WY14643 (10 μM) or vehicle for 

24 h.  For statistical analysis, unpaired Student’s t-test was used.  Results are expressed as mean±SEM.  

*P<0.05. 

   



 



Supplementary Figure XV.  Serum Levels of Cytokines/Chemokines and Growth Factors in Mice 

Treated with WY14643 or Vehicle.  

Serum levels of cytokines/chemokines and growth factors in TAFI-Tg and control mice exposed to 

hypoxia (10% O2) with WY14643 (3 mg/kg/day) or vehicle (n=6 each) for 3 weeks.  Results are 

expressed as mean±SEM.  *P<0.05, **P<0.01. 

  



 




