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Abstract

Purpose of Review Chronic thromboembolic pulmonary hypertension (CTEPH) is an uncommon complication of acute pulmo-
nary embolism (PE), in which the red, platelet-rich thrombus does not resolve but forms into an organized yellow, fibrotic scar-
like obstruction in the pulmonary vasculature. Here we review the pathobiology of CTEPH.

Recent Findings Our current knowledge has predominantly been informed by studies of human samples and animal models that
are inherently limited in their ability to recapitulate all aspects of the disease. These studies have identified alterations in platelet
biology and inflammation in the formation of a scar-like thrombus that comprised endothelial cells, myofibroblasts, and immune
cells, along with a small vessel pulmonary arterial hypertension-like vasculopathy.

Summary The development of CTEPH-specific therapies is currently hindered by a limited knowledge of its pathobiology. The
development of new CTEPH medical therapies will require new insights into its pathobiology that bridge the gap from bench to
bedside.

Keywords Chronic thromboembolic pulmonary hypertension - Pulmonary embolism - Pulmonary hypertension - Inflammation -

Platelet - Myofibroblast

Introduction

Multiple axes contribute to the pathobiology of CTEPH,
including abnormalities in platelet and endothelial func-
tion and dysregulated inflammation. This results in the
lack of resolution of an acute PE and promotes both
large vessel remodeling that results in the yellow
“thrombus” material and small vessel vasculopathy that
are characteristic of the disease.
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The Role of Inflammation and Fibrosis
in CTEPH

To maintain homeostasis, the vascular endothelium sup-
presses coagulation, platelet activation, and leukocyte adhe-
sion. Pathologic inflammation disrupts these inhibitory mech-
anisms resulting in endothelial dysfunction and adverse pul-
monary vascular remodeling. Inflammation and fibrosis are
known to be important mediators of vascular dysfunction in
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the pathogenesis of pulmonary arterial hypertension (PAH)
[1]. Similarly, inflammation is considered to be relevant in the
development of CTEPH, largely by impairing angiogenesis and
thrombus resolution and promoting in situ thrombosis. There
has been a long-standing association between CTEPH and pa-
tients with underlying inflammatory conditions and infections,
including infected pacemakers, ventriculo-atrial shunts, and
chronic osteomyelitis [2, 3]. For example, in pulmonary endar-
terectomy (PEA) specimens from CTEPH patients with
ventriculo-atrial shunts, Staphylococcus aureus DNA was iso-
lated in 6 out of 7 patient samples [4]. Subsequently, staphylo-
coccal infection was found to delay thrombus resolution in vivo
in parallel with upregulation of transforming growth factor
(TGF)-3 and connective tissue growth factor [4].

Moreover, it has been observed that circulating inflammatory
markers are elevated in numerous cross-sectional studies involv-
ing CTEPH patients (Table 1). For example, higher levels of C-
reactive protein (CRP) and tumor necrosis factor (TNF)-« are
detected in patients with CTEPH compared with healthy con-
trols, and levels of both biomarkers decrease following PEA [5,
6]. Some inflammatory markers correlate with adverse clinical
profiles: in patients with CTEPH, levels of IP- 10 (CXCL-10), a
chemokine that induces fibroblast activation and migration, in-
versely correlate with cardiac index and exercise capacity, while
IL-6 levels positively correlate with pulmonary vascular resis-
tance (PVR) [7]. Further, elevations in circulating inflammatory
markers parallel local inflammatory cell infiltration in the pul-
monary arteries of patients with CTEPH. Histopathologic anal-
yses of the surgically resected thromboemboli demonstrate an
inflammatory infiltrate consisting of neutrophils, macrophages,
and lymphocytes. Elevated CRP and circulating matrix metallo-
proteinase (MMP)-9 have been correlated with neutrophil and
macrophage accumulation, respectively [9].

Table 1  Elevated inflammatory markers in patients with CTEPH

It is proposed that vascular inflammation impairs angiogene-
sis and thrombus resolution. The adaptive response to thrombosis
involves dissolution of the thrombus through fibrinolysis and
angiogenesis, a process that is dependent on leukocyte migration
into the affected compartment. Platelet endothelial cell adhesion
molecule (PECAM)-1 is a glycopeptide receptor expressed on
endothelial cells that responds to inflammatory stimuli and par-
ticipates in leukocyte transmigration [11]. In a mouse model of
venous thrombosis, PECAM-1 deficiency resulted in significant-
ly larger thrombi and misguided thrombus resolution [12].
Investigators also showed accumulation of a cleaved form of
PECAM-1 in unresolved human DVTs with parallel increased
plasma levels of soluble cleaved PECAM-1, compared to pa-
tients whose DVTs had resolved [12]. In PEA specimens from
patients with CTEPH, relative decreased endothelial PECAM-1
expression has been observed [13]. Collectively, the evidence
suggests vascular inflammation and the ensuing endothelial dys-
function impair angiogenesis and thrombus resolution, thereby
promoting persistent platelet-endothelial interactions.

Fibrosis is also closely linked to both inflammation and
angiogenesis in CTEPH. PEA samples display areas of fibro-
sis accompanied by inflammation and angiogenesis [9, 14,
15]. Notably, the majority of cells that comprise CTEPH
thrombus (see below) are myofibroblast-like, with expression
of markers such as collagens and a loss of other markers such
as «-smooth muscle cell actin [15, 16]. In a study of human
PEA material and a mouse model of venous thromboembo-
lism, endothelial TGF-{31 signaling and endothelin-1 (ET-1)
signaling were shown to contribute to endothelial-to-
mesenchymal transition (endoMT) and thrombofibrosis
[17+]. Together, a pro-inflammatory and pro-fibrotic state con-
tributes to vascular remodeling and impaired thrombus reso-
lution in CTEPH.

Inflammatory marker(s) Finding

Reference

C-reactive protein (CRP)

Elevated in plasma of patients with CTEPH and decreases following PEA.

Quarck et al. (2009) [5]

Correlates positively with neutrophil accumulation in PEA specimens

Tumor necrosis factor (TNF)-o

Interleukin (IL)-1f3, IL-2, IL-4, IL-6, Elevated in serum of patients with CTEPH. IL-6 levels correlate positively with

Elevated in plasma of patients with CTEPH and decreases following PEA

Langer et al. (2004) [6]

Zabini et al. (2014) [7]
Soon et al. (2011) [8]

Zabini et al. (2014) [7]
Zabini et al. (2014) [7]

Quarck et al. (2015) [9]

1L-8, IL-10 PVR

Interferon-y-induced protein (IP)-10 Monokine that induces fibroblast activation and migration found to negatively
(CXCL-10) correlate with cardiac index and exercise capacity

Macrophage inflammatory protein ~ Produced by macrophages and monocytes and found to be elevated in PEA
(MIP)-1x specimens

Monocyte chemotactic protein Chemokine that attracts monocytes. Elevated in patients with CTEPH and is
(MCP)-1 positively correlated with PVR

Matrix metalloproteinase (MMP)-9

Chemokine ligand 5 (RANTES)
specimens

Correlates positively with macrophage accumulation in PEA specimens

Recruits leukocytes to sites of inflammation and is found to be elevated in PEA

Kimura et al. (2001) [10]
Quarck et al. (2015) [9]
Zabini et al. (2014) [7]

PEA pulmonary artery endarterectomy, PVR pulmonary vascular resistance, CXC C-x-C chemokine ligand, RANTES regulated upon activation, normal

T cell expressed and presumably secreted.
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The Role of Platelets in CTEPH

Platelets are critical regulators of hemostasis, thrombosis, and
inflammation. The lung is a primary site of terminal platelet
synthesis, accounting for approximately 50% of total platelet
production [18]. Under physiological conditions, the pulmo-
nary circulation is protected from atherothrombosis due to the
iterative branching of the pulmonary arterioles in series, which
renders it a low resistance, low pressure, and low shear stress
vascular circuit [19]. Nonetheless, platelets have been impli-
cated in the pathogenesis of various pulmonary disorders, in-
cluding pulmonary fibrosis, serotonin-mediated pulmonary
hypertension, and CTEPH [19]. The exact role platelets play
in the transition from an acute PE to chronic thromboembo-
lism is unclear but the focus of increased attention.

While acute PE specimens contain predominantly fibrin,
erythrocytes, and inflammatory cells, surgically resected
thromboemboli from patients with CTEPH are characterized
by organized thrombi with areas of recanalization,
neoangiogenesis, chronic inflammation, and fresh thrombus
in situ [14]. Since approximately 25% and 44% of patients
diagnosed with CTEPH lack a documented history of PE or
deep vein thrombosis (DVT), respectively [3], it is hypothe-
sized that in situ thrombosis contributes to the development
and progression of CTEPH in these cases. While clinically
occult PE is likely an inciting factor, pulmonary arterial
microthrombosis is also known to arise from local endothelial
dysfunction [20, 21] suggesting local platelet-endothelial in-
teractions are relevant to thrombus persistence.

Platelet-activating conditions, such as thyroid hormone re-
placement therapy and splenectomy, are established risk fac-
tors for CTEPH, further implicating persistent platelet activa-
tion and aggregation in the pulmonary circulation as a poten-
tial mechanism of disease progression [3, 4]. In a mouse mod-
el of stagnant flow venous thrombosis, splenectomy increased
thrombus volume attributable to platelet activation as well as
the number of circulating platelet-derived microparticles [22].
An increase in platelet-derived microparticles was also ob-
served in PEA specimens from asplenic patients with
CTEPH [22]. Platelet abnormalities are also observed in un-
selected CTEPH populations: in one study, PEA specimens
expressed increased levels of platelet factor 4, a protein re-
leased by platelets at sites of vascular injury [23]. Compared
with controls, patients with CTEPH demonstrate both in-
creased platelet activation as measured by cell surface expres-
sion of P-Selectin [24] and spontaneous platelet aggregation
[25]. However, increased platelet activation is also seen in
patients with PAH [24] suggesting an overlapping pathobiol-
ogy between these otherwise distinct clinical entities that may
be due to secondary pulmonary vascular remodeling.

The role of platelet-endothelial interactions in CTEPH re-
mains understudied; however, there is evidence that platelets
contribute directly to pulmonary vascular dysfunction. In

sickle cell disease, neutrophil-platelet aggregates have been
demonstrated to accumulate in lung arterioles and contribute
to endothelial dysfunction, a process that could be abrogated
by inhibiting platelet P-Selectin [26]. Recently, the scaffold-
ing protein NEDD9 was shown to regulate pathologic colla-
gen deposition in the pulmonary vascular endothelium.
NEDD? is a malignancy protein that is regulated by hypoxia
through HIF-1 and has been implicated in thrombotic
pathophenotypes [27]. Recent work has suggested that pulmo-
nary endothelial NEDD9 binds directly to platelet P-Selectin
to promote platelet-endothelial adhesion. In patients with
CTEPH, NEDD? is upregulated in both plasma and pulmo-
nary artery endothelial cells, suggesting that chronic upregu-
lation of NEDD?9 by local hypoxia following pulmonary em-
bolism may serve as a potential mechanism for persistence
and organization of luminal thrombus [28e*].

Cell Populations that Contribute to CTEPH
Thrombus

As noted above, thrombus in CTEPH differs significantly
from acute PE. In acute PE, the fresh clots are red, easily
detached from the pulmonary artery wall, and consist mainly
of red cells and platelets in a fibrin mesh. This is a major
contrast from CTEPH, where the chronic clots are yellow,
incorporated in the pulmonary vascular wall, and contain col-
lagen, elastin, and inflammatory cells [29, 30]. This “throm-
bus” is better described as a chronic scar of the pulmonary
vasculature. In addition to these chronic clots, there is a small
vessel disease with remodeling throughout the pulmonary
vascular bed [30-32]. Our current understanding of CTEPH
thrombus is largely based on studies that focused on identifi-
cation of specific cell types within CTEPH thrombus using
either histopathologic analyses or in vitro culture systems and
animal models primarily based on embolization of foreign
material. Inherited and acquired thrombophilias may play a
role in some cases of CTEPH, but usually a combination of
different mechanisms (such as prothrombotic tendency, im-
paired fibrinolysis, and chronic inflammation) along with oth-
er clinical factors contribute to thrombus nonresolution and
subsequent formation of CTEPH thrombus [33]. Although
many studies have identified defects in coagulation, fibrinoly-
sis, and inflammatory pathways in CTEPH, it is largely un-
clear how this contributes to the abnormal cellular prolifera-
tion of CTEPH thrombus (reviewed in 33, 34), which is the
hallmark of progressive disease.

Numerous studies have focused on identifying potential
pathogenic cells in CTEPH thrombus. These studies, while
providing important insights into disease pathophysiology,
have only provided limited insights into the heterogeneous
cell populations that compose CTEPH thrombus (Figure 1)
[35]. These studies have largely relied on obtained tissue from
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Fig. 1 Cellular changes from
acute to chronic thrombus. The
change from acute (red, platelet
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and endothelial cells with loss of
platelets and red blood cells. A
population of myofibroblasts has
also been noted in CTEPH
thrombus, along with cells that
appear to have a stem cell-like
phenotype.

PEA. Two major limitations apply to the majority of these
studies [16, 23, 36-38]: first, they rely on histopathology
based on a set of limited markers that may have limited spec-
ificity or may be silent to relevant cell populations, and sec-
ond, they culture cells from thrombus, thereby enriching for
cells that grow under culture conditions rather than those cells
that may be biologically relevant to the pathogenesis of
CTEPH. This approach may lead to the selection of cells that
grow under cell culture conditions and/or phenotypic modu-
lation of cells under culture conditions. Approaches are sorely
needed to determine the cellular heterogeneity and specific
cell types that directly contribute to CTEPH pathophysiology.

Endothelial Cells

The role of the endothelium in CTEPH differs markedly from
its role in other diseases of the pulmonary vasculature, such as
PAH. Although not considered to be a primary effector of the
disease state, the endothelium does not appear to be a mere
bystander in CTEPH. Even in patients with compensated he-
modynamics, endothelial dysfunction has been observed with
invasive measures in studies of hemodynamic vasoreactivity

@ Springer

@ Macrophages

@> T cells
\‘) Natural Killer cells

@ Beells

Platelets
Endothelial cells
- Smooth muscle cells

Myofibroblasts

[39]. Endothelial-dysfunction related thrombosis has been hy-
pothesized as one reason why many patients with CTEPH
have no documented history of pulmonary embolism [40].
Endothelial cells isolated from CTEPH thrombus showed sig-
nificantly different calcium homeostasis as compared to con-
trol endothelial cells, with an increase in angiostatic factors
like platelet factor 4 (CXCL4), collagen type I, and CXCL10
that likely contribute to endothelial dysfunction [23]. Despite
these insights, the role of the endothelium in CTEPH is in-
completely understood due to a lack of animal models that
fully recapitulate the disease state.

Multiple experimental studies have been conducted
in vitro on cultured endothelial cells from surgical speci-
mens after PEA. Endothelial cells cultured from PEA
specimens have increased proliferation relative to cultured
endothelial cells from patients with other disease states
[38, 41]. A transcriptomic microarray study of endothelial
cells isolated from CTEPH patients further demonstrated
increased expression of genes necessary for proliferation,
as well as genes in pathways of inflammation, thrombosis,
and fibrosis with notable upregulation of TGF-{3 pathway
genes [15, 42]. In light of the association of CTEPH with
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chronic inflammatory states, it has been observed that
CRP stimulation of pulmonary artery endothelial cells re-
sults in upregulated EDN1, ICAM1, and VCAMI in an
NFkB-dependent pathway [43, 44]. Circulating endotheli-
al cells (CECs) have been implicated in numerous types
of pulmonary vascular diseases, including PAH and
CTEPH. CECs are considered to be noninvasive markers
of vascular damage, remodeling, and dysfunction. A study
of a small cohort of patients with PAH and CTEPH eval-
uated the number of CECs in PAH and CTEPH and found
that PAH patients, but not CTEPH patients, had signifi-
cantly increased number of CECs [45]. Interestingly, an-
other study demonstrated that CTEPH patients had signif-
icantly increased levels of endothelial microparticles in
CTEPH plasma compared to the plasma of patients with
PE and healthy controls [46]. The CTEPH endothelial
microparticles were able to enhance cell survival and an-
giogenesis (as measured by tube formation) in vitro.
While these findings may suggest that these microparti-
cles may be protective of endothelial cells in CTEPH,
whether they may also contribute to the disease pathogen-
esis via enhancing aberrant proliferation of pulmonary
vascular endothelial cells remains to be determined.

Finally, how the endothelial cell populations respond to
therapeutic interventions in CTEPH is an important topic
for future studies. Comparison of endothelial progenitor
cells (EPCs) from subjects treated with riociguat and
those who were treatment-naive found that circulating
EPC number was modestly higher in the riociguat group
compared to the control group [47]. EPCs from riociguat-
treated patients demonstrated an increase in their ability to
induce tube formation. While these are intriguing find-
ings, further studies are needed to determine how thera-
pies such as riociguat, and others under investigation, may
impact the behavior of endothelial cells and ultimately
how the endothelial cell response to these therapies may
dictate clinical outcomes in CTEPH.

Myofibroblasts and Other Smooth Muscle Cell
Populations

Smooth muscle and endothelial cells that contribute to
CTEPH proximal vascular remodeling display modified pro-
liferative and migratory responses consistent with a prolifera-
tive phenotype [38]. The predominant cell type in
endarterectomized tissue appears to be myofibroblast-like
[48], which demonstrate a hyperproliferative, anchorage-inde-
pendent, invasive, and serum-independent phenotype [16]. In
cell culture, these myofibroblast-like cells promote a microen-
vironment which results in endothelial cell dysfunction and
transition to a mesenchymal phenotype [36]. Other cell types
with a proliferative phenotype have been observed in CTEPH
thrombus. For example, some cells within chronic thrombus

that contribute to neointimal formation have been described as
multipotent mesenchymal progenitor cells capable of
adipogenic and osteogenic differentiation [48]. Others have
been described as “sarcoma-like” cells that when injected into
mice subcutaneously developed into solid, undifferentiated
tumors at the site of injection and when injected intravenously
via tail vein developed tumors which grew along the intimal
surface of the pulmonary vessels [37]. Notably, this growth
could be inhibited by matrix metalloproteinase inhibitors [49],
which suggests that these sarcoma-like cells may be similar to
myofibroblasts observed in other studies [50]. Moreover, due
to the similar methodologies used in these studies, primarily
relying on culturing of cells from endarterectomized CTEPH
thrombus, it is unclear if the cells identified in these studies
describe a single cell type or a heterogeneous cell population.
For example, “myofibroblasts” observed in these studies may
be a unique cell population or a mixture of smooth muscle-like
and fibroblast-like cells.

Inflammatory Cells

Other studies have described the marked presence of inflam-
matory cells (B and T lymphocytes, macrophages, and neu-
trophils) in CTEPH thrombus [7, 9]. Using immunohisto-
chemistry of CTEPH thrombus, different types of lesions,
such as neointima, thrombotic, recanalized, and atherosclerot-
ic lesions, were associated with different patterns of inflam-
matory cells [9]. Specifically, accumulation of macrophages,
T lymphocytes, and neutrophils was found mainly in athero-
sclerotic and thrombotic lesions, while angiogenesis was ob-
served in all lesions. Notably, enhanced systemic inflamma-
tion paralleled local inflammatory cell infiltration in the pul-
monary arteries in advanced stages of CTEPH, which sug-
gests that inflammation and impaired angiogenesis contribute
to CTEPH progression [9]. Consistent with this, PEA speci-
mens have been shown to have high levels of interleukin (IL)-
6, monocyte chemoattractant protein-1 (CCL2), CXCLI10,
macrophage inflammatory protein (MIP)lx (CCL3), and
RANTES (CCL5) compared to healthy lung tissue [7].
Notably, CXCL10 levels were associated with severity of pul-
monary hemodynamics and physical capacity, suggesting its
involvement in CTEPH pathology [7].

Small Vessel Disease

In addition to the blockage of the proximal and distal pulmo-
nary vasculature by CTEPH thrombus, there is also evidence
for a small vessel vasculopathy similar to PAH in CTEPH
[30-32]. This microvascular or “small vessel” disease mirrors
that seen in PAH, involving arterioles that are less than
300 pum in diameter [51]. The full range of pulmonary hyper-
tensive lesions in the small arteries can be observed in CTEPH
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and imply that pulmonary arterial hypertension cannot be sep-
arated from potentially correctable CTEPH based on histo-
pathologic findings in the small pulmonary arteries [31]. The
histologic pattern observed in CTEPH is remodeling of small
pulmonary arteries/arterioles, septal veins and pre-septal ve-
nules, and pronounced hypertrophy and enlargement of bron-
chial systemic vessels. This remodeling of the small pulmo-
nary arteries and septal veins is accompanied by pronounced
hypertrophy of the bronchial systemic vessels [32]. Notably,
similar venular involvement in microvascular disease and
post-capillary bronchopulmonary shunting are observed in
patients and a piglet model of CTEPH [32] where small vessel
disease developed in both occluded and non-occluded terri-
tories and improved in both territories after lung reperfusion
[52]. Notably, this was associated with a decrease in ET-1 and
IL-6 gene expression in non-occluded territories, suggesting
that vasoactive, proliferative, and inflammatory signaling con-
tributes to the small vessel disease that develops in CTEPH.
This remodeling of the small vessels likely explains some of
the benefit of PAH medical therapies in CTEPH [53-55] as
well as some of the benefit of reperfusion seen with balloon
pulmonary angioplasty (BPA).

Animal Models of CTEPH

Another critical limitation to the study of CTEPH is the lack of
suitable cellular or animal models for CTEPH that take into
account the important role of the pulmonary vascular remod-
eling over months that is seen in the human disease. A major
difficulty in using animal models for thrombosis are inherent
differences between human and animal systems. For example,
while swine have similar platelet counts and coagulation pro-
file to humans [56], their fibrinogen is more highly
crosslinked, leading to plasmin resistance [56]. Models in ro-
dents, monkeys, and piglets for persistent intravascular throm-
bosis have all been developed, but rodent models have been
more commonly used since they are cheaper and more effi-
cient [40]. Mouse models of venous thrombosis include the
ferric chloride model, the inferior vena cava (IVC) ligation
model, the IVC stenosis model, and the electrolytic [IVC injury
model [57¢]. These studies have demonstrated an important
role for inflammation in thrombosis, thrombus resolution, and
vascular remodeling. Inflammation, in the setting of staphylo-
coccal infection [4] or splenectomy [22], can limit thrombus
resolution. Fibrosis also plays a central role, as a mouse IVC
ligation model recapitulated findings from human CTEPH
with elevated ET-1 signaling mediated by TGF-31/TGF{RI
signaling (with impaired TGF(RII signaling) and is associat-
ed with endoMT [17¢]. Angiogenesis is also important for
thrombus recanalization and resolution, as thrombus
nonresolution occurs with treatment with antiangiogenic ther-
apy [58] or in endothelial cell-specific deletion of vascular
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endothelial growth factor receptor 2 (VEGFR2) followed by
vein ablation [13]. Notably, this last study also found that
human CTEPH thrombi demonstrated low expression of
genes important in angiogenesis, such as VEGFR2, VE-
cadherin, and podoplanin. Conversely, promoting angiogene-
sis in these thrombosis models has been shown to enhance
thrombus recanalization and resolution [59, 60].

A major difficulty in animal models is modeling the chro-
nicity of disease required for transition from acute to chronic
PE. Some models have largely relied on repeated microsphere
embolization into the pulmonary circulation, sometimes in
combination with drugs that promote endothelial dysfunction.
In a canine model, repeated embolization of microspheres
through an indwelling catheter over several months led to
the development of CTEPH but with only moderate RV dys-
function and tricuspid valve endocarditis in all animals [61].
Combining microsphere embolization with eNOS inhibitor L-
NAME treatment in swine resulted in pulmonary microvascu-
lar remodeling with a decreased activity of PDES and Rho-
kinase [62]. Using microsphere embolization along with
VEGFR1/2 inhibition (SU-5416) in a rodent model resulted
in PH with right heart failure, with significant pulmonary vas-
cular remodeling and cellular proliferation [63]. However,
while embolization models can mirror the transition from
acute PE to CTEPH seen in humans, these approaches typi-
cally require multiple embolizations with non-native particles
that result in microvascular obstruction.

Pulmonary artery (PA) ligation models alone can reproduce
the hemodynamics of obstructed lesions but do not result in
thrombus formation or distal vasculopathy by themselves
[40]. However, combining PA ligation with embolization re-
sults in the development of PH with increased bronchial collat-
erals and small vessel disease of the distal pulmonary arteries
throughout the lungs [64]. In this piglet model, chronic PH was
induced in piglets by left PA ligation followed by weekly em-
bolization of the right lower lobe arteries with enbucrilate tissue
adhesive resulting in a model of chronic PH related to the de-
velopment of post obstructive and overflow vasculopathy.
Overflow vasculopathy refers to the increased blood flow of
the non-obstructed portions of the pulmonary vasculature that
are subjected to high shear stress on the endothelium, which is
known to modulate endothelial phenotype and barrier function
[65] and results in severe pulmonary vascular injury and remod-
eling in large animal models of disease [66]. Notably, subse-
quent left PA reperfusion resulted in a regression of pulmonary
vascular remodeling and a decrease in pulmonary pressures
[52]. Development of CTEPH in a swine model required both
proximal PA coiling along with distal embolization with dex-
tran, with distal embolization alone being insufficient to result
in the development of PH [67]. Together, these findings suggest
that both proximal disease (either induced by ligation or
coiling) in combination with small vessel disease (by distal
embolization) are required for the development of CTEPH.



Curr Cardiol Rep (2021) 23: 141

Page70of9 141

These animal models are limited by a reliance on the em-
bolization of foreign materials, leading other groups to
embolize autologous blood clots. Dogs have a brisk thrombo-
lytic response that prevents the development of acute embo-
lism, but if given a fibrinolytic inhibitor (tranexamic acid)
along with venous thrombi, they can develop CTEPH, al-
though with a rather limited increase in mPAP and PVR [68,
69]. A more recent study used a similar approach in rats by
combining tranexamic acid along with autologous clots and
resulted in some obstruction in the large PAs with a limited
increase in mPAP and PVR [70]. Notably, a recently de-
scribed model from Quarck and colleagues used repeated clot
embolization combined with SU5416 treatment in rabbits to
generate chronic thrombus with severe pulmonary hyperten-
sion [71]. In this model, they observed blockages in the large
proximal PAs by fibro-thrombotic lesions and the remodeling
of the pulmonary microvasculature similar to CTEPH human
pathology. At this time, studying human tissue and samples
provides insights into CTEPH pathophysiology that are lack-
ing from animal models, but only an animal model can allow a
full dissection of the pathophysiological mechanisms that con-
tribute to the development of CTEPH. Hopefully, this and
other animal models that result in chronic thrombus and pul-
monary hypertension can be further developed in parallel with
studies using CTEPH thrombus from patients to yield novel
pathophysiological insights into CTEPH.

Conclusions

CTEPH has both a complex approach to its diagnosis and
treatment and a complex pathobiology. While there are a num-
ber of therapeutic options for patients, there is still a funda-
mental knowledge gap in our understanding of CTEPH patho-
biology. The development of new CTEPH medical treatments
will require the identification of specific cell populations, such
as endothelial, smooth muscle and immune cells, and path-
ways, such as inflammation and proliferation, that underlie its
pathogenesis. The identification and testing of these therapies
will require both human samples and animal models of dis-
ease, which can then be tested back at the bedside in clinical
trials.
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