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Pulmonary arterial hypertension (PAH) is a disease of the lung blood vessels that results in
right heart failure. PAH is thought to occur in about 5% to 10% of patients with
hepatosplenic schistosomiasis, particularly due to S. mansoni. The lung blood vessel
injury may result from a combination of embolization of eggs through portocaval shunts
into the lungs causing localized Type 2 inflammatory response and vessel remodeling,
triggering of autonomous pathology that becomes independent of the antigen, and high
cardiac output as seen in portopulmonary hypertension. The condition is likely
underdiagnosed as there is little systematic screening, and risk factors for developing
PAH are not known. Screening is done by echocardiography, and formal diagnosis
requires invasive right heart catheterization. Patients with Schistosoma-associated PAH
show reduced functional capacity and can be treated with pulmonary vasodilators, which
improves symptoms and may improve survival. There are animal models of this disease
that might help in understanding disease pathogenesis and identify novel targets to screen
and treatment. Pathogenic mechanisms include Type 2 immunity and activation and
signaling in the TGF-b pathway. There are still major uncertainties regarding Schistosoma-
associated PAH development, course and treatment.

Keywords: schistosomiasis, pulmonary hypertension, neglected tropical disease, hepatosplenic, TGF-beta, type
2 inflammation
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INTRODUCTION

Schistosoma-associated pulmonary arterial hypertension
(SchPAH) is a fatal complication of chronic schistosomiasis
infection, and a leading cause of PAH-related morbidity and
mortality worldwide (1, 2). The lack of understanding of
pathogenic mechanisms contributes to the absence of effective
therapy, resulting in worsening of the inflammatory condition
and overall poor prognosis.

Schistosomiasis, also commonly known as Bilharzia disease, is
a neglected tropical disease and coined to poverty (3). It is caused
by parasitic flatworms (blood flukes) of the genus Schistosoma.
The three most common species infecting humans worldwide are
S. haematobium, S. mansoni, and S. japonicum (4), but there are
also less common species including S. mekongi, S. intercalatum,
S. guineensis, and S. malayensis (5). Paired male and female blood
flukes reach the human blood stream, following skin invasion,
where they reside for ~6 months during their lifecycle (2–4). The
clinical course of the disease is divided into three stages: acute,
active and chronic stage (2, 4). S. mansoni, S. intercalatum,
S. japonicum, S. guineensis and S. mekongi cause hepatosplenic
disease (6), a manifestation of late chronic stage and a precursor to
PAH (2, 7). SchPAH has been most closely ascribed to S. mansoni
(8), but other species have been reported (9, 10).

The schistosomiasis lifecycle is propagated by erosion of eggs
through the wall of the bladder (S. hematobium) or intestines
(S. mansoni, japonicum, and others) to reach the urine or feces,
respectively, where the eggs are then expelled to return to the
environment. Upon contact with fresh water, the eggs hatch and
infect specific species of snails for each Schistosoma species. After
a few weeks, the snails then release free-swimming cercariae into
the water, which infect the mammalian host by penetrating
through the skin.

Hepatosplenic schistosomiasis (HSS) is characterized by
hepatosplenomegaly, liver fibrosis, portal hypertension, and
esophageal varices (11), and is generally thought to be a
necessary precursor state on the path to development of
pulmonary hypertension (PH) (12). The chronic form of
hepatosplenic schistosomiasis follows a host immune system
response to eggs generated by the paired flukes and deposited
into the mesenteric and portal venous system. The majority of eggs
erode their way through the intestinal lumen into gastrointestinal
tract to continue the life cycle. Antigenic response to eggs retained
in the portal system and pre-hepatic vasculature induces
inflammation and granulomas which evolve into fibrotic lesions
(13). Portal shunting resulting from obstruction by eggs,
granulomas, fibrosis and immune-induced vasculopathy causes
portal hypertension which enables egg embolization from the
portal venous system to the systemic venous system, and then
into different organs with resultant consequences.

Based on current understanding, SchPAH likely results from a
combination of several factors. Egg embolization into the lung via
portosystemic shunts is associated with the development of PAH
(14–17). Eggs could cause either direct mechanical obstruction or
elicit an immune response which drives the vascular remodeling.
Increased shear stress on the pulmonary vasculature from opening
of portosystemic shunts, as occurs in portopulmonary
Frontiers in Immunology | www.frontiersin.org 2
hypertension due to cirrhotic liver disease, may also underlie
SchPAH pathogenesis. Patients with schistosomiasis have a
generalized, systemic Type 2 immune response, which could
contribute or cause vascular disease. Using pre-clinical studies
with a mouse model (see further details below), experimental
disease is particularly mediated by embolic eggs causing a localized
immune response and driving vascular remodeling.

The diagnostic criteria of SchPAH are challenged by
the possibility of developing PH from causes other than
schistosomiasis, even in those with chronic schistosomiasis. In
regions where the parasite is highly endemic, personal history of
infection and positive serologic studies on laboratory examination
are frequent and less helpful. It is also possible to develop SchPAH
without evidence of portal hypertension in patients with chronic
schistosomiasis (18), although this is thought to be extremely rare
and the few case reports where this occurs may actually be other
PAH etiologies coincidentally occurring in those with
schistosomiasis. Currently, PH is defined as a mean pulmonary
arterial pressure (mPAP) > 20 mm Hg as assessed by right heart
catheterization (RHC) (19), although this was recently revised
from a prior threshold of 25 mm Hg used in previous definitions.
Similarly, there is no consensus on a single echocardiographic
threshold that defines PH, and there is often poor correlation
between non-invasive echocardiography and the gold-standard
invasive RHC (20). Echocardiography, however, can be used to
grade the probability of PH into low, intermediate or high
categories (21).

Despite these limitations, the currently accepted criteria that
define SchPAH (18) are a combination of: 1) PAH, defined by
current criteria of precapillary PH (mPAP > 20 mm Hg and
pulmonary arterial wedge pressure, or PAWP ≤ 15 mm Hg) in
combination with a pulmonary vascular resistance > 3 Wood
Units by RHC (19); 2) history of schistosomiasis infection, as
evidenced by current or prior Schistosoma parasite eggs in the
stool or rectal biopsy, history of prior treatment for
schistosomiasis, or exposure to a region where schistosomiasis
is endemic; and 3) ultrasonographic evidence of liver disease
consistent with HSS, including periportal fibrosis and
enlargement of the left lobe of the liver (22) (Figure 1).
Epidemiology of Schistosomiasis-
Associated Pulmonary Arterial
Hypertension
An outline of the epidemiology of SchPAH is summarized in
Figure 2. The true prevalence of SchPAH is not well known. The
overall prevalence of schistosomiasis infection, of all species and
disease forms, is thought to be between 200 and 300 million
individuals worldwide (23, 24), or about 8% of the world’s
population. However, the accuracy of these data are highly
limited, given that the greatest prevalence of schistosomiasis
infection is in rural and economically disadvantaged areas where
systematic testing and reporting is the lowest, and indeed the
prevalence may be even higher.

Schistosomiasis infection encompasses infection by any
Schistosoma species. As noted above, the three species
responsible for the majority of SchPAH disease are S. mansoni,
December 2020 | Volume 11 | Article 608883
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S. hematobium and S. japonicum. S. mansoni and japonicum
cause hepatosplenic disease and are more clearly associated with
PAH development. S. mansoni in particular is strongly associated
with PAH. The S. hematobium parasite localizes to and causes
pathology in the bladder plexus, and is less strongly associated
with SchPAH although there are case reports (10). S. mansoni is
the most prevalent species, potentially accounting for ~50% of
schistosomiasis cases, and dual infection with S. mansoni and
S. hematobium can occur (24). There are a few case reports of
S. japonicum infection causing PAH (see below).

Individuals chronically and recurrently infected with
Schistosoma species that cause portal disease (most notably
S. mansoni and S. japonicum) may develop HSS. It has been
estimated that approximately 5% to 10% of those with chronic
S. mansoni infection develop hepatosplenic disease (24–26).

It is generally thought that HSS is a precursor stage to the
development of SchPAH, although there may be rare patients who
develop SchPAH without preceding HSS. Determining the precise
prevalence of SchPAH in precursor populations with HSS is
difficult to state with accuracy. These challenges are related to
issues including which diagnostic test was used to assess disease
state, as well as the evolving consensus definitions coincident with
evolving understanding of disease pathophysiology.
Frontiers in Immunology | www.frontiersin.org 3
The first Pulmonary Hypertension World Symposium in
1973 (Geneva) proposed a classification system of pulmonary
hypertension based on histopathology (27). Consequently, a
study by Gonçalves et al. from Belo Horizonte, Brazil published
in 1995 used histopathologic criteria of schistosomiasis pulmonary
arterial hypertension to assess autopsy tissue, finding
histopathologic evidence consistent with SchPAH in 24 cases
among 102 with HSS, for a calculated prevalence of 23.6% (28).

The second World Symposium in 1998 (Evian) proposed a
classification system based on clinical features, with
hemodynamic definitions: at this conference, the proposed
criteria defined pulmonary hypertension as having a systolic
pulmonary artery pressure greater than 40 mm Hg,
corresponding to a Doppler echocardiographic regurgitant jet
velocity of 3.0 to 3.5 m/s (29). Subsequent World Symposia
revised the hemodynamic threshold to a mPAP ≥25 mm Hg,
which was widely accepted and maintained through the third to
fifth World Symposia (Venice- 2003, Dana Point- 2008, Nice-
2013). At the 6th World Symposium (Nice- 2018), the threshold
was decreased to a mPAP >20 mm Hg, in the context of
increasing awareness of poor outcomes in patients previously
thought to have normal or borderline elevated pulmonary
hemodyamics (19).
FIGURE 2 | Current understanding of the epidemiology of schistosomiasis, HSS and SchPAH. With exceptions (see text), most patients who ultimately develop SchPAH
have the S. mansoni species (accounting for about 50% of the worldwide burden of disease) and HSS resulting in portal hypertension. Please note that there is uncertainty
(as discussed in the text) regarding the percentages for the prevalence of HSS among those with schistosomiasis, and the prevalence of SchPAH among those with HSS.
A

B

FIGURE 1 | (A) Relationship of chronic schistosomiasis to disease complications including SchPAH (B). Combined criteria for the diagnosis of SchPAH. Notes (1):
It is possible for patients to develop SchPAH without HSS (2). The hemodynamic criteria are per the most recent, 6th World Symposium guidelines (Nice-2018; see
Simonneau et al. ERJ 2019 [reference (19)].
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In this context, a study by de Cleva et al. from Sao Paulo,
Brazil in 2003 described the pulmonary hemodynamics of 34
patients with HSS. They reported the number of subjects at a
range of mPAP thresholds: 24 with mPAP > 15 mm Hg (a
threshold well within the normal range), 7 (21%) had a mPAP >
20 mmHg (the post-2018 threshold), and 4 (12%) had a mPAP >
25 mm Hg (the 2003–2018 threshold), all with a normal PAWP
(30). It should be noted that schistosomiasis is not endemic in
the city of São Paulo, although there are cases in the surrounding
countryside; it is possible that there may be referral bias in
patients that are seen at centers in São Paulo.

A study by Ferreira et al. in Recife, Brazil from 2009 used
echocardiography criteria, with a threshold of 40 mm Hg. These
authors found that 9 of 84 subjects with HSS had evidence of
pulmonary hypertension, for a calculated prevalence of 11%. A
major limitation of this study is the use of echocardiography,
which provides an estimate of the pulmonary artery systolic
pressure but is subject to considerable error, in the range of ±10
mm Hg or even more (31), and is additionally not capable to
differentiate pre- from post-capillary PH.

A study by Lapa et al. is Sao Paulo, Brazil from 2009 evaluated
65 patients with HSS (12). Twelve of the 65 had a systolic
pulmonary artery pressure >40 mm Hg on screening
echocardiography (18%). Eleven of these subsequently
underwent RHC (one declined); of these 11, 5 had a mPAP ≥
25mmHg (the 2003–2018 threshold), but two also had a PAWP >
15 mm Hg (indicating the presence of post-capillary pulmonary
hypertension). Thus only 3 of the 65 were diagnosed with
SchPAH, for a prevalence of 4.6%. As noted, the mPAP
threshold was subsequently lowered, so it may be that the
prevalence of SchPAH would be greater with the current 20 mm
Hg cutoff.

In summary, it is likely that approximately 5% to 10% of those
with HSS subsequently develop PAH, depending on the specific
diagnostic modality and criteria used. The current criteria [6th
World Symposium, Nice- 2018 (19)] require a mPAP > 20 mm
Hg which is assessed by a resting supine RHC.

Pathogenesis and Clinical Presentation
of HSS
HSS is a cause of non-cirrhotic portal hypertension in the tropics
(7, 32, 33). Other causes of non-cirrhotic portal hypertension
Frontiers in Immunology | www.frontiersin.org 4
include Budd Chiari syndrome, extrahepatic portal vein
obstruction, and idiopathic portal hypertension (34, 35). Most
of the patients who present with features of HSS give history of
exposure to schistosomiasis-contaminated water bodies remotely
in childhood through occupation, domestic or recreational usage
of water. It takes many years after infection for one to manifest
with chronic features of HSS which include hepatosplenomegaly,
splenomegaly, varices, gastropathy and anemia (36).
Splenomegaly contributes to hypersplenism resulting into
pancytopenia with profound thrombocytopenia. Although not
common, ascites does occur in HSS and has been linked with
advanced disease (36). There are known genetic susceptibility
risk factors in cytokines and the TGF-b signaling pathway
members that contribute to the development of HSS in those
infected with schistosomiasis development (37, 38).

Portal hypertension in HSS is complicated by variceal bleeding
(Figure 3A), which can be life threating and often influences
observed mortality and morbidity in these patients (40–42). There
are new insights suggesting that bacterial translocation may also
play a role in HSS which might influence portal hypertension as is
the case with cirrhosis (36, 43).

Good history and physical examination are key in making the
diagnosis of HSS. Ultrasound in the clinical context has been the
traditional tool to diagnose HSS and liver fibrosis specifically
related to S. mansoni (22, 32, 44–46). The liver ultrasound
classically shows periportal fibrosis (47, 48) (Figure 3B), and
may confirm ascites if present. Enlargement of the left lobe of the
liver also has a high predictive value for SchPAH diagnosis in
high prevalence areas (32, 49). Magnetic resonance imaging
(MRI), biomarkers of inflammation/fibrosis and portal
hypertension are complementary to the abdominal ultrasound
(32). In one study comparing ultrasound, histology and MRI, the
presence of the characteristic periportal fibrosis, diagnosed by
ultrasound, MRI or histology were associated with signs of portal
hypertension and defined the severity of the disease (50). The
authors concluded that imaging techniques are reliable in
defining the presence of characteristic periportal fibrosis (50).
Liver elastography (also known as Fibroscan) is a modified
ultrasound technique for measuring liver stiffness, which may
be useful in discriminating HSS from cirrhosis: the liver stiffness
in higher in cirrhosis than in HSS (51, 52). Stool examination of
those with HSS may show ova in active infection, but in most
A B

FIGURE 3 | Examples of HSS (A). An example of bleeding esophageal varices: note the bulging esophageal mucosa indicative of underlying varicies, with signs of
active bleeding (Picture taken by ES in the endoscopy unit, University of Zambia Teaching Hospital, Lusaka, Zambia.). (B) Periportal fibrosis detected by ultrasound
(red arrows). Reproduced from reference (39), with addition of the red arrows by the present authors to clarify the location of the pathology.
December 2020 | Volume 11 | Article 608883
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cases stool samples are negative as patients may have been
previously infected and are now eradicated, the parasites may
be old and have decreased fecundity, or the chronic fibrosis may
decrease ova shedding into the stool (51). A highly specific
multiplex real-time polymerase chain reaction (PCR) on stool
samples in an African setting involving Kenya and Senegal was
more sensitive than standard microscopy in detecting
Schistosoma spp (53). Rectal biopsy is important especially in
cases where stool examination is negative (54). Liver wedge
biopsy would confirm periportal fibrosis in HSS, but it is
invasive and considered to be risky due to the profound
thrombocytopenia associated with HSS (50). Gastroscopy is
important in making a diagnosis of esophageal and gastric
varices, and gastropathy. Liver function tests are usually
normal since HSS spares the liver parenchyma. Serology for
schistosomiasis in endemic areas has a high rate of positivity due
to widespread history of infection but does not identify the
species that are or were present. Serologic testing is more helpful
in the evaluation of patients from non-endemic areas. Other
common causes of chronic liver disease such as viral hepatitis
need to be excluded.

In general, stable patients with active HSS benefit from anti-
helmintics because the treatment is generally quite safe and the
diagnostic testing for active infection is imperfect (55, 56). Anti-
helmintics like praziquantel help arrest disease progression, and
there may be some clinical improvement, although not total
resolution, of existing liver fibrosis. Beta-blockers such as
propranolol are useful in primary and secondary prevention of
variceal bleeding (57). Variceal banding is indicated in acute
variceal bleeding, as well as in cases where prophylaxis with beta-
blockers fail. Serial variceal banding is also useful in cases where
beta-blockers are contraindicated. Beta-blockers are also
contraindicated in patients who have subsequently developed
SchPAH (58, 59). Supportive treatment such as blood
transfusion in case of massive blood loss due to variceal
bleeding is required. Splenectomy has shown to reduce portal
hypertension and improves blood parameters in patients with
HSS (60), although itself may increase the risk for PAH.
Similarly, porto-venous shunts created by techniques such as a
transjugular intrahepatic portosystemic shunt (TIPS) procedure
may decrease portal pressures, but may also increase the risk for
Frontiers in Immunology | www.frontiersin.org 5
SchPAH development by increasing blood flow and shear stress
in the lungs.
SCREENING AND DIAGNOSIS OF
SCHPAH

Patients in endemic areas who present with symptoms suggestive
of PAH including progressive dyspnea, fatigue, dry cough,
exercise intolerance, chest pain, lower extremity edema, and
syncope should be considered for SchPAH and screened for
clinical disease (Figure 4). Other signs of PAH which can be
found on physical examination include a prominent pulmonic
component of the second heart sound and right ventricular
heave, peripheral edema, elevated jugular venous pressure, and
signs of HSS as noted above (12).

Even in non-endemic areas, epidemiologic information about
risk factors for schistosomiasis exposure is important to elicit,
since prior infection may give rise to SchPAH development (61,
62) despite adequate anti-helminthic treatment. Previous
exposure to the parasite even in childhood, may be associated
with subsequent SchPAH development in the third to fifth
decade of life, depending on the time of exposure, burden of
exposure, and individual predisposition presumably through
other genetic and environmental risk factors (63). For that
reason, the parasite eggs are often not detected in stool
examination or rectal biopsy of those presenting with SchPAH.

As in HSS, abdominal ultrasonographic findings of periportal
fibrosis and enlargement of the left lobe of the liver are helpful for
establishing a diagnosis of SchPAH (32, 49). Detection of
antibodies and/or antigens may be helpful in non-endemic
areas where Schistosoma presence is low, and infected patients
can be effectively treated with low risk of reinfection. It is
recommended to use two or more assays in parallel because of
limitations in serological test sensitivities (64, 65). Serologic
studies are less useful in endemic areas where the prevalence of
Schistosoma infection is high. Cardiomegaly and remarkable
dilatations of pulmonary artery truncus and its branches are
typical radiological findings. In particular, it has been observed
that the main pulmonary artery may be more enlarged than in
FIGURE 4 | Overview of the diagnostic workup for SchPAH. The current hemodynamic criteria are from the 6th World Symposium on Pulmonary Hypertension
[Nice-2018; see Simonneau et al. ERJ 2019, reference (19)].
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idiopathic PAH (IPAH) patients, suggestive of an insidious
process associated with portal hypertension (66).

On this basis, individuals with signs and symptoms of
progressive right heart failure, history of environmental
exposure, prior treatment for schistosomiasis and/or evidence
of hepatosplenic abnormalities with portal fibrosis should be
screened for SchPAH. Transthoracic echocardiography is the
screening modality of choice. The Doppler velocity of the
tricuspid jet regurgitation can be used to estimate right
ventricle systolic pressure (RVSP) using the modified Bernoulli
equation. A threshold of 3.5 m/s velocity, or an RVSP of 40 mm
Hg signals a high probability of PH. Other supportive findings on
echocardiogram in SchPAH (and other forms of PAH) include
RV and right atrium dilatation, dysfunction of the RV
contraction including paradoxical motion of the septum and
decreased shortening of the RV length (measured as the tricuspid
annular plane systolic excursion, or TAPSE), and septal bowing.

If these signs of PH are present, RHC is performed in order to
provide a direct measurement of the mPAP, assess RV function,
and make sure that the left side of the heart is not compromised
(which would indicate a confounding etiology, and affect
management of the disease) (12). RHC is the gold standard
method for the diagnosis of PH. An elevated PAP (mPAP >
20 mm Hg) along with an elevated PVR (>3 WU) in the absence
of an elevated PAWP (≤15 mm Hg), confirms the diagnosis of
PAH in Schistosoma-associated disease, as in other WHO group I
PAH etiologies (12).
DIFFERENCES IN PRESENTATION AND
PROGNOSIS OF SCHPAH COMPARED TO
IDIOPATHIC AND OTHER PAH
ETIOLOGIES

Clinical studies in SchPAH are scarce and restricted to a few PH
centers in the world, largely in Brazil (67–76). Additionally, most
of the clinical data reported to date were generated in centers
situated in non-endemic areas for schistosomiasis (62, 64, 65,
67–69).The classic comparator disease for SchPAH is IPAH,
which occurs worldwide and has been much more widely studied
despite a much lower disease burden (the incidence is
approximately 1 case/million individuals/year) (77).

SchPAH occurs at an approximately 1:2 male-to-female ratio,
in individuals typically between 30 and 60 years old at the time of
PAH diagnosis (67–76). SchPAH patients have a similar clinical
presentation compared to IPAH such as severity of disease [as
measured by New York Heart Association functional class at the
time of diagnosis (67, 68)] and duration of dyspnea symptoms
preceding the PAH diagnosis (67). SchPAH patients also have
similar symptoms as IPAH patients, such as chest pain, lower
extremity edema and syncope (69). However, SchPAH patients
have a more pronounced PA enlargement evaluated by chest-
computed tomography compared to patients with IPAH (66).

Comparing cardiopulmonary hemodynamics at rest, as
assessed by invasive RHC, patients with SchPAH generally
Frontiers in Immunology | www.frontiersin.org 6
have a less severe hemodynamic profile, with lower pulmonary
vascular resistance and higher cardiac output compared to
patients with IPAH (69, 73). A recent systematic review of the
literature including over 181 SchPAH patients with RHC data
confirmed the better hemodynamic profile of SchPAH in relation
to IPAH (78). However, it is important to note that most of the
studies included in the aforementioned systematic review were
derived from a single center, raising concerns that patient pools
may overlap, potentially influencing the systematic review
findings. In this context, recent data from an endemic area
suggest SchPAH might have a similar hemodynamic profile at
diagnosis compared to other PH etiologies (76).

Some patients with WHO Group 1 PAH have positive
vasodilator response with vasodilator drug challenge such as
nitric oxide – that is, have an acute drop in the mPAP ≥ 10 mm
Hg and reach an absolute value ≤ 40 mmHg with an increased or
unchanged cardiac output (79). This hemodynamic profile may
serve as a biomarker (80) indicating a likely clinical response to
calcium channel blocker therapy and a favorable disease course.
However, it is rare for SchPAH patients to have an acute
vasodilator response, ranging from 0% to 3.5% (69, 71). These
findings are consistent with the concept that the vascular
remodeling results from fixed obstruction rather than
reversible vasoconstriction.

The SchPAH mortality rate has been reported at 9.7 deaths
per 1000 patients/month in endemic areas (75). The clinical
course of SchPAH is believed to be more benign compared to
IPAH or PAH associated with connective tissue diseases (73),
even in the absence of specific PAH treatment (69). Treatment
naïve SchPAH patients have overall survival rates at one, two,
and three years of 95%, 95% and 86%, respectively (69). Similarly
to other forms of PAH, patients with SchPAH respond to PAH-
specific treatment, as demonstrated by improvements in
functional class, 6-min walk distance and hemodynamic
parameters (70). Additionally, treated SchPAH patients have
better survival rates compared to untreated SchPAH patients
(89% and 69%, respectively, at 60 months) (74). A recent
systematic review of the literature confirmed the better
prognosis of SchPAH in relation to IPAH (11); however,
similarly to the hemodynamic findings of this systematic
review, the inclusion of several studies from just one center
(potential sample overlap) might have influenced the systematic
review findings. Additionally, this interpretation is confounded
by the lack of effective non-invasive screening methods to
uniformly diagnose PAH early in its course.

In healthy subjects, oxygen consumption increases as a
function of cardiac output and muscle oxygen extraction
during exercise. In PAH, oxygen consumption is mainly
impaired due to RV dysfunction and hemodynamic
uncoupling of the RV-pulmonary arterial unit (81). These
findings are suggested during cardiopulmonary exercise testing
by the identification of reduced aerobic capacity, reduced end-
tidal partial pressure of carbon dioxide, reduced oxygen uptake
per heart beat (oxygen pulse), and ventilatory inefficiency (82).
Compared to IPAH, SchPAH patients have less impaired
physiological exercise responses even when matched for resting
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hemodynamic profiles. The better SchPAH exercise response is
mainly characterized by a higher oxygen consumption and
higher oxygen pulse at peak exercise, and better ventilatory
response compared to IPAH (72).

Why patients with SchPAH apparently have a more benign
clinical course and prognosis compared to other forms of PAH is
still unclear. Furthermore, why SchPAH patients apparently have
more preserved physiological exercise responses and whether this
phenomenon is related to the better clinical course of SchPAH and
better prognosis compared to IPAH remains unclear.
TREATMENT OF SCHPAH

Shared pathophysiologic characteristics with other WHO Group
1 PAH etiologies opened the possibility of treating SchPAH
patients with drugs targeting PAH pathways. There are 3
pathways currently targeted: the nitric oxide pathway primarily
by phosphodiesterase type 5 inhibitors, including sildenafil and
tadalafil, as well as soluble guanylyl cyclase stimulators including
riociguat; endothelian receptor antagonists, including bosentan,
ambrisentan, and macitentan; and prostacyclin analogs,
including epoprostenol, treprostinil, iloprost, and the non-
prostanoid IP-receptor agonist selexipag. Of these medications,
due to resource limitations only a handful are available to
clinicians in areas where SchPAH is endemic—particularly
sildenafil as it is the least expensive. (Sildenafil is the same
compound as is used in Viagra for erectile dysfunction, so it is
relatively widely available for this other, more common
prescribing indication.)

Preliminary data about treating these patients with PAH
target therapies come primarily from open-label and/or
retrospective case series and reports. One study reported the
benefit of sildenafil in clinical and hemodynamic data derived
from cardiac MRI in seven patients from a S. mansoni endemic
area in Brazil. After a 3-month trial, the 6-min walk distance
increased from an average of 114 to 335 m (p<0.0001), and the
RV ejection fraction improved from an average of 33% to 43%
(p<0.004), along with increased RV cardiac index and decreased
RV mass index (83). A study from the same group of researchers
reported on the efficacy and safety of 13 consecutive patients with
severe SchPAH, who after 6 months of oral sildenafil had an
improvement in their WHO functional class (p<0.001) and their
6-min walk distance from 121 to 394 m (p<0.0001). Using
echocardiography, the average pulmonary artery systolic
pressure decreased from 97 to 80 mm Hg. No significant
adverse events were reported, and all patients tolerated the
medication (84).

A case report described a Brazilian 35-year-old female patient
with marked exercise limitation and recurrent hospitalizations
due to right heart failure from SchPAH who was started on
sildenafil. After six months of therapy there was an improvement
in her WHO functional class and 6-min walk distance from 154
to 484 m (85).

Another study compared survival between SchPAH patients
from an era before PAHmedications were available and SchPAH
Frontiers in Immunology | www.frontiersin.org 7
patients receiving provider-selected medications, and found that
the newer, treated series had improved survival (70). Further
reviews have been published about the potential role of PAH
targeted therapies in SchPAH patients (18).

The effect of anti-helminthic therapy for schistosomiasis in
the lung parenchyma and vasculature has shown conflicting
results in pre-clinical data. Using one experimental model
(discussed further below) of schistosomiasis coupled with
portal hypertension induced by portal vein ligation, there was
partial improvement in the pulmonary disease following
praziquantel administration (86), but using a second model
with parasite infection alone there was more complete reversal
of the pulmonary vascular disease following praziquantel
treatment (87). Clinically, the impact of anti-schistosomiasis
therapy has not been established, although some authors argue
in favor of treating all SchPAH patients with praziquantel in view
of the severity of the disease and low risk of harm (88). Overall,
the benefit of anti-helmintic treatment likely depends on the
duration of disease: in mice who have been infected for a few
weeks there is likely more complete reversal than in humans who
have been infected for years, in which there may be minimal
clinical improvement but less rapid progression of disease
without further active infection.
SCHPAH ANIMAL MODELS

Development of animal models that recapitulate key aspects of
the pathological processes present in human SchPAH have been
critical to develop understanding of vital aspects of the host-
pathogen interaction which underlie the pathophysiological
and molecular mechanisms leading to SchPAH (89).
Furthermore, experimental models of preclinical SchPAH are
highly instrumental in identifying therapeutic and vaccine
candidates. The recapitulation of the natural life cycle of
Schistosoma in laboratory settings and the permissivity of
cercarial (Schistosoma larval stage) infection of mice in
particular has enabled the development of models of
Schistosoma-PH (SchPH) (90, 91). (Of note, pulmonary
arterial hypertension—PAH—refers to the specific human
pathology involving the pulmonary arteries as occurs in
SchPAH and other forms of WHO Group 1 PAH, while the
more general term pulmonary hypertension—PH—refers to
diseases as well as animal models more broadly affecting the
pulmonary vasculature. Here the term Schistosoma-PH
(SchPH) is used in the context of referring to animal models.)

An early model of SchPH was developed using experimental
schistosomiasis coupled with portal hypertension induced by
portal vein ligation in mice (86). Animals treated in this manner
developed severe pulmonary schistosomiasis after 10 weeks
duration. Following praziquantel treatment, mice had
reversion, without fibrosis, of the peri-ovular granulomatous
lesions formed in the lungs, but the arterial and arteriolar
lesions were only partially improved by the treatment, with
persistent segmental vascular fibrosis, narrowing, and
angiomatoid changes remaining. In this study eggs were
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destroyed more rapidly and more completely in the lungs than in
the liver.

Crosby et al. reported developing a murine model to
study SchPH through simulating the natural mode of
Schistosoma infection by cercariae alone (92) (Figure 5A), and
subsequently used the same model in several publications. The
mice were transcutaneously infected with Schistosoma mansoni
cercariae in a drop of water enclosed by a metal ring placed on
the shaved abdomen (93). A few weeks later egg-induced HSS
developed, followed by portocaval shunt formation resulting in
embolization of parasite eggs into the pulmonary pre-capillary
vessels. This model recapitulated several key clinical features of
human disease such as pulmonary vascular remodeling,
perivascular inflammation, the presence of plexiform-like
lesions (a hallmark of all forms of WHO Group 1 PAH), and
elevated plasma Th1 and Th2 cytokines which positively
correlated with the degree of pulmonary vascular remodeling
(62, 92). However, this model did not result in higher RV systolic
pressures (RVSP)—the hemodynamic parameters of PH (and
one of the key criteria for SchPAH). The mice also did not
consistently develop RV hypertrophy, another classical marker
of experimental PH in animals (92). Other limitations of this
model include inconsistency and variability in cercarial infection
that might affect the development of HSS condition and resultant
heterogeneity in the lung egg burden, although this can be
partially overcome by using a vial to infect mice through the
tail in a more controlled manner. This model also requires a long
timeline for disease development (20+ weeks). There is also
minor risk to personnel in handling the infectious lifeform of the
parasite, mitigated through the use of gloves and other protective
equipment, and ethanol/methanol can be used to rapidly kill the
parasite if there is concern for exposure.

In the natural mode of infection, it is thought that portal
hypertension results in shunting of eggs into the lungs, and the
pulmonary pathology results from egg embolization when the
eggs lodge in precapillary vessels starting a localized
inflammatory response—although there are reports that
SchPAH may occur without having portal hypertension or a
significant parasite burden (2, 62, 69, 94). Based on the concept
Frontiers in Immunology | www.frontiersin.org 8
that Schistosoma egg embolization in the lungs drives Th2
inflammation and PH, another SchPH model was developed
by using an existing model studying Type 2 granulomas in the
lung, based on the classical immunological method of antigen
sensitization followed by antigen challenge to specifically trigger
organ-specific inflammation (Figure 5B) (95, 96). In this model,
the experimental mice are first intraperitoneally (IP) sensitized
with Schistosoma eggs, which primes the immune cells. Two
weeks later, the sensitized mice are intravenously (IV) challenged
with Schistosoma eggs administered by tail vein injection, which
results in a bolus of eggs embolizing into the lungs driving
localized type 2 immunity (97). RHC and histological analysis is
then performed seven days after intravenous challenge. This
approach recapitulates key pathologic features of human
schistosomiasis PAH, including Th2 inflammation, vascular
remodeling and importantly higher RVSP.

Advantages of the IP sensitization/IV challenge model
include: 1) a model to study lung specific Th2 inflammation
without confounding effects of other organ injury; 2) well
established and high reproducibility in recapitulating key
pathological features of inflammatory PAH including elevated
RVSP; 3) an optimized dose of Schistosoma eggs, which can be
modified if needed depending on the specific experimental
design; 4) less mortality and shorter time (21 days) as
compared to the cercariae model; 5) compatibility with
inducible and global or cell specific knockout mice; 6) creation
of a stereotypical inflammatory time course following egg
embolization across the entire lung; 7) cost effective; and 8)
non-infectious to humans or other mammals.

In the PH field, rat models are widely used. However, rats are
naturally immune to Schistosoma infection, a phenotype which
may be related to differences in the complement system between
mice and rats (98). As complement may contribute to pathogenic
mechanisms of PAH (99), Schistosoma-exposed rats have not
been used to study SchPH.

Non-human primates have been used to study schistosomiasis
pathogenesis (100), and other groups have studied HIV-related
PH in non-human primates (101), but to our knowledge there
have been no studies of PH in non-human primates using
A

B

FIGURE 5 | Mouse models (A). Cercariae infection model (B). Intraperitoneal sensitization followed by intravenous augmentation model.
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schistosomiasis. Other animal models are also possible, and there
is a report that PH can occur in schistosomiasis-infected
hamsters (102).
CURRENT CONCEPTS OF SCHPAH
DISEASE PATHOGENESIS

Many studies have started to dissect the immunological events
that underlie SchPH pathogenesis (1, 61, 87, 89, 92, 96, 97, 103–
114). The current understanding of the signaling events is
summarized in Figure 6.

A general concept in SchPH pathogenesis is that there is an
inflammatory cascade triggered by egg antigens, which is
appropriately responsive as the host immune system seeks to
destroy the parasite. Within the inflammatory cascades is
activation of TGF-b, a cytokine that prototypically has anti-
inflammatory properties, such as suppressing CD4 T cell
activation, but can induce a host of other effects. In the context
of lung peri-egg granulomas, the teleologic function of TGF-b
activation may be a negative feedback loop to prevent an over-
exuberant immune system from causing excessive tissue injury.
TGF-b has also been implicated in the pathogenesis of other
PAH etiologies. Here, the pulmonary vasculature may be an
unintended bystander, which is adversely affected by an off-
target effect of TGF-b activation.

In clinical disease, the pathophysiology of the pulmonary
vascular disease that occurs in SchPAHmay involve at least three
mechanisms. The first is the embolization of parasites eggs to the
pulmonary arterial circulation from the portal circulation
through the portosystemic shunts, following the development
of HSS and portal hypertension. This embolization reaches
parenchymal lung tissue as well pulmonary arteries where it
causes focal arteritis with vessel destruction and plexiform
Frontiers in Immunology | www.frontiersin.org 9
lesions, such as through Th2 inflammation and TGF-b
activation (14, 15). However, it has been also described that
antigens of the Schistosoma mansoni eggs are not always present
in pulmonary tissue, suggesting a second mechanism: that the
inciting immunology may initially trigger vascular disease, but
then separate processes take over for the propagation and
maintenance of the pulmonary artery pathology in SchPAH
which are now autonomous (62, 94). The third potential
mechanism is the presence of liver disease (although not frank
cirrhosis) giving rise to portopulmonary hypertension, another
described etiology of PAH, related to high circulation flows
through the pulmonary circulation (17). Of note, the
pathogenesis of portopulmonary hypertension may also
involve decreased clearance of toxins as is seen in cirrhotic
liver disease, but not HSS. Pathologically, a characteristic
vascular pathology of plexiform lesions have been described in
SchPAH patients similar to those found in lung tissue from
patients with IPAH and other forms of WHO group 1 PAH
(115), suggestive of shared pathogenic mechanisms with other
PAH etiologies. In SchPAH, a state of generalized Type 2
immunity may also contribute.

Using the mouse model, embolization of eggs alone is
inadequate to develop SchPH: the mice need to be sensitized
first, indicating the requirement for an adaptive immune
response (96). The SchPH phenotype is also not a consequence
of obstruction alone, as injection of over 10 times the number of
similar-sized polystyrene beads does not cause experimental PH.
Finally, mice occasionally expire on acute administration of
intravenous eggs, but when this occurs, the right sided
pressures are depressed rather than elevated, suggesting that
there is an immune-induced circulatory collapse rather than
obstruction. These data together suggest that mechanical
obstruction alone is unlikely to be an adequate explanation for
the elevated pulmonary vascular resistance which occurs in
SchPH, and in clinical SchPAH.
A

B

FIGURE 6 | Schematics of the chain of signaling and cellular events leading to SchPAH (A). Signaling events (B). Cellular events.
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The IP sensitization/IV augmentationmodel also establishes that
Schistosoma egg embolization into in the lung following antigen
sensitization is sufficient to drive PH, without the requirement of
underlying periportal fibrosis or portal hypertension (2, 92, 108).
This result suggests that clinical SchPAH could similarly occur
independently of portopulmonary hypertension.

Further investigations have revealed that embolization of
Schistosoma eggs in the lungs triggers an initial innate immune
response, likely led by dendritic cells and/or macrophages.
Complement activation may also be critical. Egg antigens are
subsequently presented by antigen presenting cells (APCs) like
dendritic cells to CD4 T cells, resulting in the production of Th2
inflammatory cytokines including IL-4 and IL-13 (97, 108).
Other cells such as eosinophils and basophils are present and
may contribute to production of these cytokines, but in the liver
fibrosis model eosinophils and basophils are dispensable (116,
117) so they may well be dispensable in the lungs and SchPH
pathogenesis as well.

Dendritic cells are critical APCs that likely orchestrate the
transition from innate to adaptive responses through modulating
effector T cell responses in SchPH. In SchPH, it appears after
exposure to IP egg antigens that CD11b+ DCs migrate into
mediastinal lymph nodes (based on our unpublished data),
where they present antigens to naïve T cells and prime them
into effector CD4+ T cells to elicit a Th2 adaptive immune
response. Intravenous egg challenge then deposits antigens in the
lung vasculature, where there is local homing and activation of
CD4 T cells in the parenchyma, starting a cascade of Type
2 inflammation.

Schistosoma-exposed mouse lung tissue contains higher levels
of IL-4 and IL-13, while mice with deficient Type 2 immunity by
combined deletion of IL-4 and IL-13 are protected from SchPH
(108). This protection was not observed in single IL-4 or IL-13
knockouts, probably due to redundant effects in their shared IL-
4Ra/IL-13Ra1 receptor. A related recent study reported that
paclitaxel, a chemotherapeutic agent, protects from Schistosoma-
induced PH by dampening Th-2 inflammation (110).
Reinforcing the clinical relevance of these findings, there are
higher staining intensities for IL-13, IL-4Ra, phospho-signal
transducer and activator of transcription factor 6 (a key target
of IL-4 and IL-13), and periostin (another target of IL-4 and IL-
13 signaling) in autopsy lung tissue from patients with
SchPAH (108).

To explore the role of adaptive immunity in SchPH, Rag-/-

mice (which lack mature B and T cells) were found to be
protected from Schistosoma-induced Type 2 inflammation and
PH. However, these mice regain the inflammatory PH phenotype
after reconstitution with CD4+ T cells from wildtype donor mice
(97). In contrast, we observed that blocking the Th2 function of
donor CD4+ T cells by reconstituting the Rag-/- with CD4+ T
cells harvested from Il4-/-;Il13-/- double knockout mice protected
the recipients from Schistosoma-induced Type 2 inflammation
and PH. To elucidate the role of antigen priming, transferring
CD4 T cells from mice previously sensitized to Schistosoma eggs
was sufficient to convey the sensitization phenotype to the
recipient Rag-/- mice, who then were able to develop PH after
Frontiers in Immunology | www.frontiersin.org 10
IV egg challenge only. Collectively, these data demonstrate that
Th2 CD4+ T cells are necessary and sufficient to induce PH.

These Th2 cytokines then signal the bone marrow
compartment to release and recruit classical Ly6c+ monocytes
into the lungs, where they transform into interstitial
macrophages (IMs). In contrast, Il4-/-;Il13-/- double-knockout
mice were found to have substantially fewer Ly6C+ monocytes,
indicating that this is a Th2-dependent response (89).
Corroborating these findings, it has been demonstrated that
CX3CR1 plays a role in modulating monocyte recruitment,
macrophage polarization, and smooth muscle cell proliferation
in the lung using a hypoxia model of PH (118).

These IMs produce a key protein, thrombospondin-1 (TSP-
1), which is a biological activator of TGF-b; in this disease,
possibly activating the TGF-b1 isoform in particular. Following
localized TGF-b activation, pathologic TGF-b signaling through
the canonical Smad2/3 pathway results in inflammation and PH-
related pathology (89, 109). The necessity of this pathway is
demonstrated by protection from SchPH by blocking TGF-b
signaling through techniques such as neutralizing antibodies,
TGF-b receptor inhibitors, and Smad3 deficiency (109). TGF-b
signaling can also contribute to vasoconstriction through non-
canonical signaling such as RhoA/Rho-kinase, which is also
observed in SchPH mice (109, 113).

A downstream effect of TGF-b that has been investigated is its
role in inducing a metabolic shift in pulmonary artery smooth
muscle cells (PASMCs). It has been previously observed that in
PAH, the PASMCs undergo increased glycolysis, similar to the
anaerobic glycolysis or “Warburg” effect observed in cancer cells
(119). Using stable isotope metabolite studies, activated TGF-b
was found to be sufficient to induce a glycolytic shift in PASMCs
(120), which may facilitate a pathologic state of increased
proliferation, hypertrophy, vasoconstriction, and apoptosis
resistance (121).

TGF-b signaling is also important in the liver pathology of
HSS. Type 2 inflammation and TGF-b are associated with liver
fibrosis in schistosomiasis (122). Mice with heterozygosity for a
TGF-b receptor which is mutated in many forms of heritable
PAH, BMPR2, had evidence of worse SchPH compared to
wildtype mice, a phenotype mediated by worse liver pathology
and increased shunting of eggs to the lungs (114).

Of note, multiple intervention steps such as deleting IL-4 and
IL-13 in the CD4 T cells or in the bone marrow (BM)
compartment, or deleting TSP-1 in the BM compartment
attenuates inflammation and PH phenotypes in TGF-b
dependent manner (89, 97, 108, 109). These data suggest that
modulating TGF-b could be a potential therapeutic target to treat
Schistosoma-PH. The significance of the outcome of murine
model is reinforced by the report of higher serum level of
TGF-b in patients with SchPAH compared to those with HSS
(123). Overall, the Schistosoma model system seems highly
pertinent to understanding the signaling axis between Th2
inflammation, TGF-b signaling and pulmonary vascular
disease that connects Schistosoma exposure to the subsequent
development of SchPH. Some of these mechanisms are shared
with other PH models, as blocking TGF-b signaling is also
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protective in hypoxia-exposed mice and monocrotaline-exposed
rats (109, 113, 124, 125): TGF-b signaling may represent a final
common pathway in PH pathogenesis, which is activated by
different routes such as Type 2 inflammation activating TSP-1
in schistosomiasis.
SCHISTOSOMA JAPONICUM VERSUS
SCHISTOSOMA MANSONI

As was noted above, the two primary Schistosoma species that
infect humans and cause hepatosplenic disease are S. japonicum
and S. mansoni, but S. mansoni is the dominant cause of
SchPAH. Comparison of S. mansoni and S. japonicum may
thus identify key parasite and host factors that mediate the
pathogenesis of SchPAH.

Geographically, S. mansoni and S. japonicum are endemic in
different locations around the world: S. mansoni is endemic to
regions along rivers and coasts in Sub-saharan African countries,
South America (primarily in Brazil), and the Caribbean, while
S. japonicum is endemic in waterways in China and South East
Asia (18, 126, 127). Moreover, due to geographical distinction,
both species infect different intermediate snail genus, in which
S. japonicum infects the genus Oncomelania, while S. mansoni
infects the genus Biomphalaria (128). Due to this geographic
separation, it is unlikely that any one individual would be
simultaneously infected by both species. In addition to
geographical distinction, the species differ in morphology:
S. japonicum eggs are round and S. mansoni eggs are oval
(129). S. japonicum worm pairs are more fecund than
S. mansoni worm pairs, laying about 3,000 eggs per day
compared to 800 per day (130, 131).

Several studies have compared the immunity and pathology
that results following chronic infection by S. mansoni or
S. japonicum. In infection by both species, there is initial Type-
1 immunity characterized by increased production of IL-1, IL-12,
and INF- g, triggered by worm antigens. Subsequently, the
dominant inflammation phenotype shifts to Type-2 immunity
caused by Schistosoma egg antigens, characterized by the
elevation of IL-4, IL-13, and TGF-b (108, 110, 132, 133).
Several studies have investigated specific proteins released by
S. mansoni eggs that drive the Type 2 immune phenotype. In
particular, there is a specific glycoprotein ribonuclease called
omega-1 that has been shown to be necessary and sufficient in
vitro for activation of Th2 CD4 T cells (134). The equivalent
protein in S. japonicum is CP1412, although the protein sequence
homology between Omega-1 and CP 1412 is low at about
40% (135).

In response to egg deposition, both S. mansoni and
S. japonicum form peri-egg granulomas, although the
S. japonicum granulomas around single egg are smaller when
compared with S. mansoni. This could be due to higher
macrophage and eosinophil composition found in S. mansoni
granulomas compared to S. japonicum granulomas, which
results in the production of different cytokine profiles
(131). Interestingly, granulomas formed around clusters of
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S. japonicum eggs (this species’ eggs tend to cluster) are larger
and dominated by neutrophils and hepatic stellate cells which
suggests that the pathology due to S. japonicum’s inflammatory
response may be more severe than S. mansoni (131, 136)–a
paradoxical relationship compared to the incidence of SchPAH.
However, S. mansoni may drive more Type 2 immunity than S.
japonicum, or a slightly different combination of cytokines and
cells, and differences in TGF-b activation are unclear.

Between the two, S. mansoni is highly associated with the
development of SchPAH, but there only case reports of SchPAH
occurring following S. japonicum infection (137). Why S.
japonicum does not cause SchPAH as often is not known. In a
prospective case series published by Watt et al (137). in 1986, 65
consecutive patients hospitalized with S. japonicum infection
were evaluated, with 43 patients found to have evidence of HSS
(32 with severe liver dysfunction and 11 had portal hypertension
without liver dysfunction). Of these 43 only one patient (2%) had
PAH: an incidence likely much lower than PAH in those with S.
mansoni-induced HSS. The study suggested that the rarity of
developing PAH due to S. japonicum could be related to the fact
there is less inflammatory response around the single
S.japonicum egg in the lungs than the liver, and the eggs
dissolves quickly due to the smaller peri-egg granuloma size
when compared with S. mansoni.
FUTURE DIRECTIONS AND AREAS OF
ACTIVE INVESTIGATION

The abovementioned heavy disease burden of SchPAH at the
global scale and the lack of targeted therapies underscore the
importance of recognizing current knowledge gaps and addressing
them by utilizing appropriate investigational tools. The various
mechanisms by which schistosomiasis can generate and accelerate
PAH introduce complexity in understanding the disease and is an
area of active investigation. Areas of proposed emphasis are
outlined in Table 1 and summarized below. At least four
potential inter-related mechanisms are implicated: host genetics,
Schistosoma species infecting the host, preliminary development of
HSS, and multiple candidate inflammatory pathways.

In patients with HSS, fibrosis-induced portocaval shunting
increases blood flow through the lungs and shear stress, similar
to the pathophysiology that occurs in portopulmonary
hypertension. It remains unknown why only a subset of
patients with HSS progress to SchPAH. One possibility is that
genetic backgrounds of human hosts determine how the
pulmonary vasculature reacts to the parasitic infection. This
phenomenon has been observed in patients with “idiopathic”
PAH, wherein genetic variants can drive or exacerbate PAH. For
example, TGF-b signaling and, in particular, bone
morphogenetic protein receptor type II (BMPR2) mutations
have been established as risk factors of PAH (138–140).

In addition to the innate heterogeneity of human risk and
response, the nature of Schistosoma infections may play an
important role. The incidence of SchPAH caused by non-
mansoni species of Schistosoma has not been extensively
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studied, and it is conceivable that species differ in antigen
expression – including extent of obstruction of the blood flow
by embolized eggs, degrees of vascular inflammation and
proliferation of pulmonary arteriopathy in the human lungs
directly triggered by Schistosoma egg embolization, and post-
infection risk of systemic Type 2 inflammation (111, 141). The
number and frequency of S. mansoni reinfections also likely
influences the resulting disease phenotype; however, practical
means of documenting infection episodes and causative species
are not yet clear. There may also be other infectious and non-
infectious environmental factors, including comorbid conditions
and patient behaviors, that affect SchPAH risks.

Another critical aspect of SchPAH pathogenesis is the
observation that SchPAH persists and progresses despite
eradication of the parasite from a host; that is, this antigen-
triggered disease progresses later in its disease course independent
of antigenic stimulation. While it has been observed that Th2-
inflammation and TGF-b signaling are critical for developing the
PH phenotype in the mouse model of SchPAH (89, 97, 108),
whether these signaling pathways are pertinent to human SchPAH
and what stimulates them in the absence of active infection are
unclear. For example, TGF-b is known to be able to stimulate its
own activation, potentially leading to a feed-forward loop that is
independent of the initial triggering event (124).

It is likely that each of these processes contributes to the
disease pathogenesis, but their relative contributions are
presently not known. Approaches to understanding these
issues will include dissecting the independent contributions of
each of these factors. The importance of making these
distinctions is supported by the concept that clinical benefit of
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currently available therapies, such as vasodilators and
immunosuppressants, will vary depending on the predominant
mechanism driving SchPAH. Based on the inflammatory nature
of the parasitic infection and the role of Th2-inflammation in
mouse studies, pulmonary vasodilators with anti-inflammatory
properties like prostacyclin appear to be potentially attractive
candidates (142). A phase 2 trial of sotatercept targeting the
TGF-b pathway in other forms of PAH recently completed with
promising initial data (NCT03496207), showing a significant
reduction in pulmonary vascular resistance, and also an
improvement in 6-min walk distance (143). Given the likely
role of TGF-b in the pathogenesis of SchPAH, sotatercept may be
effective in treating SchPAH patients too. Identification of
relevant genetic variations in SchPAH patients may enable
similar therapeutic approaches to address these targets.

True effects of anti-inflammatory therapies in human
SchPAH, however, are unknown. An example of the clinical
significance of the multifactorial nature of disease pathogenesis is
underscored by studies of systemic sclerosis-induced PAH
(SScPAH). Systemic sclerosis is known to cause PH of multiple
etiologies and groups as defined by the World Symposium
classification system (Group 1 PAH, and group 3 PH via
interstitial lung disease, plus possible direct involvement of the
RV), and this disease heterogeneity is believed to underlie the
poor treatment response and the high mortality of SScPAH
patients (144). Therefore, elucidating the clinically most
relevant pathogenetic mechanisms in SchPAH remains an
important task.

Discovering these unknown aspects of SchPAH pathogenesis
requires the ability to generate sound hypotheses from patient-
TABLE 1 | Summary of areas that are priorities for research in SchPAH.

Areas of
Inquiry

Examples of Specific Questions Methods of Investigation

Epidemiology What are the incidence and prevalence of SchPAH?
What are risk factors for development and progression of SchPAH?
What percentage of patients with HSS develop SchPAH?

Preliminary findings from retrospective data, especially for rare outcomes.
Clinic-based prospective studies conducted in endemic areas can enrich cohorts
for exposures and endpoints.
Population-based prospective observational cohorts, stratified by risk.

Pathogenesis What innate immune system components are proximal triggers for
SchPH development?
What are the roles of adaptive immune system components, such
as B cells and regulatory T cells, in SchPAH pathogenesis?
Why does human SchPAH develop and progress even after the
parasite is eradicated from the host?

Mechanistic animal models using pharmacologic inhibitors and transgenic
approaches will allow precise dissection of the signaling pathways that lead to
SchPH.
Animal models coupled to studies of human biospecimens, including tissue and
blood biomarkers, will be useful for identifying pathogenic mechanisms.

Diagnosis What are the sensitivity and specificity of echocardiography metrics
for diagnosis of SchPAH?
What are the utilities of other imaging modes in screening,
diagnosing, and monitoring SchPAH?
Are there other clinical markers or biomarkers such as blood tests
that are useful for screening for or diagnosing SchPAH?

Diagnostic studies require gold standard and candidate diagnostic metrics to be
available in a spectrum of individuals with and without SchPAH.
Candidate diagnostic metrics that are weakly associated with SchPAH status
may provide stronger evidence if measured serially.
Noninvasive screening methods are justified in at-risk individuals and can lead to
earlier diagnoses.

Treatment Are there specific points in the signaling cascade that are safer to
target in populations at risk for recurrent schistosomiasis infection,
such as TSP-1?
Do conventional PAH treatments work in SchPAH to the same
degree as in IPAH?
What are drug targets in SchPAH that address the underlying
pathogenic mechanisms, such as HSS versus other pathways to
SchPAH?
Are there specific targets in SchPAH that would also benefit other
forms of PAH?

Pre-clinical animal models are useful for understanding disease mechanisms and
identifying potential prophylactic and therapeutic approaches.
Identification of biomarkers shared or different between patients with SchPAH and
other PAH diseases may reveal therapeutic targets that are beneficial in one or
multiple etiologies.
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derived samples, readily test the hypotheses in animal models,
and translate the findings back to clinical settings. This
multifaceted research approach requires study designs to be
tailored to the questions being asked, but also practical and
feasible in regard to the outcome frequency and resources of the
settings in which they will be implemented. In pre-clinical
models, pathogenic effects can be studied using experimental
designs that induce or block individual factors. In clinical studies,
distinctions can be made through careful phenotyping of subjects
to enrich for cohorts with HSS and/or SchPAH, and correlating
PAH development with specific genotypes and phenotypes.

Initial epidemiologic studies can be conducted using
retrospective clinical data, although the medical records
available may be incomplete and follow up inconsistent; an
estimate of the proportion of SchPAH patients under
pulmonologists’ care who have a history of HSS could be
obtained this way. Autopsy studies of banked tissue, to
compare differential consequences of Schistosoma infection
across species, provide another example. To uncover candidate
pathogenic mechanisms, studies could use a cross-sectional
design to evaluate biomarkers derived from blood or urine for
their relationships with well-recognized prognostic scores that
are based on clinical and hemodynamic measures.

Subsequent prospective observational studies could evaluate
trends in biomarkers in relation to trends in prognostic scores,
Frontiers in Immunology | www.frontiersin.org 13
and the effects of conventional treatments on these trends.
Prospective observational data being generated for clinical
purposes allows enrichment of distinct at-risk pools, such as to
study risk factors for incident disease and disease progression
(e.g., individuals diagnosed with HSS versus individuals with
SchPAH-associated symptoms, or by level of BMI). Prospective
collection allows opportunities to increase data quality, by
systematically timing visits among all patients across
collaborating centers, and adding metrics of particular interest,
such as patient-reported outcomes (PRO).

As mechanistic studies reveal pathways, clinical trials can be
used to investigate therapeutic approaches. In SchPAH, early
trials would likely confirm that conventional PAH treatments
validated for other PAH etiologies have similar treatment effects
in SchPAH. Subsequent studies would evaluate effects on target
pathogenic mechanisms which may be shared with other PAH
etiologies (i.e., TGF-b signaling, with an agent like sotatercept) or
mechanisms that are thought to be unique to SchPAH (i.e.,
potentially Th2 inflammation and TSP-1 expression on
Ly6c+ monocytes).

As the field moves forward, it is critical to consider the
practicality of implementing novel diagnostic and therapeutic
modalities in the resource-limited settings where SchPAH is
endemic. Directly adopting practices that are being used for
other types of PAH in developed countries will likely not be
TABLE 2 | Key take-home messages regarding schistosomiasis-associated pulmonary arterial hypertension.

- Pulmonary arterial hypertension is thought to occur in about 0.5% of those chronically infected with schistosomiasis, usually following the development of
hepatosplenic schistosomiasis. This is an uncommon complication of schistosomiasis, but a major cause of pulmonary arterial hypertension worldwide.

- Presenting signs and symptoms of pulmonary arterial hypertension are of heart failure, including shortness of breath on exertion, peripheral edema, and syncope.

- Formal diagnosis of pulmonary arterial hypertension requires invasive right heart catheterization. Screening for the disease can be done using echocardiography.

- Generally accepted criteria for diagnosis are (must have all 3):
o Pulmonary arterial hypertension, currently defined by hemodynamic criteria of a mean pulmonary artery pressure greater than 20 mm Hg, a pulmonary arterial
wedge pressure less than or equal to 15 mm Hg, and a pulmonary vascular resistance greater or equal to 3 Wood Units (6th World Symposium on Pulmonary
Hypertension, Nice 2018).

o History of schistosomiasis infection, as evidenced by current or prior Schistosoma parasite eggs in the stool or rectal biopsy, history of prior treatment for
schistosomiasis, or exposure to a region where schistosomiasis is endemic

o Ultrasonographic evidence of liver disease consistent with HSS, including peri-portal fibrosis and enlargement of the left lobe of the liver.

- Anti-helmintics likely slow the rate of progression, but do not reverse established pulmonary vascular disease. Pulmonary vasodilator treatments are available which
improve symptoms, but these do not address the underlying disease drivers, and the condition is fatal.

- Pathogenic mechanisms by which the clinical disease may develop include:
o opening of portocaval shunts around the liver, resulting in:

▪ increased blood flow through the lungs, causing shear stress

▪ egg embolization into the lungs, resulting in mechanical obstruction of the lung vasculature

▪ egg embolization into the lungs, resulting in localized Type 2 inflammation which drives vascular remodeling

o a systemic immune response, with Type 2 immunity.

- Mice exposed to Schistosoma mansoni develop an experimental form of the disease. Experimental pulmonary hypertension does not require the liver disease
precursor condition or increased shear stress, and does not occur by mechanical obstruction alone.

- A combination of pre-clinical work using animal models and clinical studies has suggested the following series of pathologic events underlies disease pathogenesis:
o Type 2 immunity triggered by Schistosoma egg antigens, resulting from activation of Th2 CD4 T cells.

o Expression of IL-4 and IL-13 results in the recruitment of Ly6c+ (classical) monocytes into the lung tissue.

o These monocytes express the protein thrombospondin-1 (TSP-1) which can activate TGF-b.

o Active TGF-b causes pulmonary vascular disease through promoting pathology in vascular cells.

o Pathologic TGF-b signaling may be a final common pathway by which many pulmonary arterial hypertension etiologies cause vascular remodeling; earlier steps
may be unique to each specific etiology.

o In schistosomiasis, this series of events may function as a negative feedback pathway to decrease excessive host inflammation, and remodeling of the pulmonary
vasculature is an unintended, off-target effect.

- There are many open questions regarding this disease, which are areas of active investigation.
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effective. For example, in certain parts of the world the
infrastructure is not currently available to perform RHC on all
patients who are suspected of having PAH, although it is the gold
standard diagnostic test for PAH and required to ensure that left
heart dysfunction is not present (145). Similarly, parenterally
administered prostacyclins used to treat severe PAH requires
frequent access to clinics and large amounts of provider and
financial resources that are not widely available around the
world. Efforts should be made to make widely available these
diagnostic and therapeutic options available globally. It is also
essential to thoroughly consider potential ways by which cultural
and economic factors impact the practical diagnostic criteria,
therapeutic delivery options, and outcomes of new interventions.
It is also essential to closely collaborate with providers who
directly work with SchPAH patients.
CONCLUSIONS

A summary of key take-home messages regarding SchPAH is
provided in Table 2. Despite PAH being an uncommon
complication of schistosomiasis infection, the overall high
prevalence of schistosomiasis makes SchPAH one of the
dominant causes of WHO Group 1 PAH and its severe disease
manifestations make SchPAH an important public health threat.
The lung blood vessel remodeling in SchPAH follows HSS, which
results in embolization of eggs via portocaval shunts into the
lungs that drives localized inflammation and vascular
remodeling. Through a series of cellular and signaling events,
Th2 inflammation drives TGF-b activation, which may become
autonomous and independent of the Schistosoma antigen
resulting in persistent vascular disease despite parasite
Frontiers in Immunology | www.frontiersin.org 14
eradication. Taking this into account, it seems logical that
targeting the inflammatory cascade might be more beneficial
earlier in the disease course (taking into account the need to
avoid immunosuppression in individuals who are at risk for
recurrent infection) versus targeting TGF-b that may be more
beneficial later in the disease course. Treatments that are
conventionally used for other forms of PAH appear to be
useful in patients with SchPAH, however, without targeting the
underling causative mechanisms of the disease. Integrating
ongoing clinical studies and translational/basic science
approaches to perform mechanistic analysis in animal models,
which have clinical relevance to the disease will enable tackling
these challenges.
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Piscoya IC de V, et al. Demographic and clinical characteristics of
pulmonary arterial hypertension caused by schistosomiasis are
indistinguishable from other etiologies. Rev Soc Bras Med Trop (2020) 53:
e20190418. doi: 10.1590/0037-8682-0418-2019

77. McGoon MD, Miller DP. REVEAL: a contemporary US pulmonary arterial
hypertension registry. Eur Respir Rev (2012) 21:8–18. doi: 10.1183/
09059180.00008211

78. Knafl D, Gerges C, King CH, Humbert M, Bustinduy AL. Schistosomiasis-
associated pulmonary arterial hypertension: a systematic review. Eur Respir Rev
(2020) 29(155):190089. doi: 10.1183/16000617.0089-2019

79. Galiè N, Humbert M, Vachiery J-L, Gibbs S, Lang I, Torbicki A, et al. 2015
ESC/ERS Guidelines for the diagnosis and treatment of pulmonary
hypertension: The Joint Task Force for the Diagnosis and Treatment of
Pulmonary Hypertension of the European Society of Cardiology (ESC) and
the European Respiratory Society (ERS): Endorsed by: Association for
European Paediatric and Congenital Cardiology (AEPC), International
Society for Heart and Lung Transplantation (ISHLT). Eur Heart J (2016)
37:67–119. doi: 10.1093/eurheartj/ehv317

80. Hemnes AR, Zhao M, West J, Newman JH, Rich S, Archer SL, et al. Critical
Genomic Networks and Vasoreactive Variants in Idiopathic Pulmonary
Arterial Hypertension. Am J Respir Crit Care Med (2016) 194:464–75.
doi: 10.1164/rccm.201508-1678OC

81. SinghI,RahaghiFN,NaeijeR,OliveiraRKF,VanderpoolRR,WaxmanAB, et al.
Dynamic right ventricular-pulmonary arterial uncoupling during maximum
incremental exercise in exercise pulmonary hypertension and pulmonary
arterial hypertension. Pulm Circ (2019) 9(3):2045894019862435. doi: 10.1177/
2045894019862435. 2045894019862435.

82. Sun XG, Hansen JE, Oudiz RJ, Wasserman K. Exercise pathophysiology in
patients with primary pulmonary hypertension. Circulation (2001) 104:429–
35. doi: 10.1161/hc2901.093198

83. Loureiro R, Mendes AA, Bandeira AP, Cartaxo HO, Sa DT. Oral sildenafil
improves functional status and cardiopulmonary hemodynamics in patients
with severe pulmonary hypertension secondary to chronic pulmonary
schistosomiasis: a cardiac imaging resonance study. Circulation (2004)
110:III–572.

84. Bandeira AP, Mendes AA, Santos-Filho P, Sa DT, Loureiro R. Clinical
efficacy of oral sildenafil in severe pulmonary hypertension in patients with
chronic pulmonary schistosomiasis. Circulation (2004) 110:III–296.

85. Correa R de A, Moreira MVSC, Saraiva JM da S, Mancuzo EV, Silva LC dos S,
Lambertucci JR. Treatment of schistosomiasis-associated pulmonary
hypertension. J Bras Pneumol (2011) 37:272–6. doi: 10.1590/s1806-
37132011000200018

86. de Almeida MA, Andrade ZA. Effect of chemotherapy on experimental
pulmonary schistosomiasis. Am J Trop Med Hyg (1983) 32:1049–54.
doi: 10.4269/ajtmh.1983.32.1049

87. Crosby A, Jones FM, Kolosionek E, Southwood M, Purvis I, Soon E, et al.
Praziquantel Reverses Pulmonary Hypertension and Vascular Remodeling
in Murine Schistosomiasis. Am J Respir Crit Care Med (2011) 184:467–73.
doi: 10.1164/rccm.201101-0146OC

88. Fernandes CJCDS, Jardim CVP, Hovnanian A, Hoette S, Morinaga LK,
Souza R. Schistosomiasis and pulmonary hypertension. Expert Rev Respir
Med (2011) 5:675–81. doi: 10.1586/ers.11.58
December 2020 | Volume 11 | Article 608883

https://doi.org/10.1016/S0889-8553(05)70265-X
https://doi.org/10.4269/ajtmh.1991.45.360
https://doi.org/10.4269/ajtmh.1991.45.360
https://doi.org/10.1590/s0037-86822007000500003
https://doi.org/10.4269/ajtmh.19-0452
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003703
https://doi.org/10.1111/j.1742-1241.2009.02234.x
https://doi.org/10.1371/journal.pone.0135370
https://doi.org/10.4103/2045-8932.114764
https://doi.org/10.4103/2045-8932.93544
https://doi.org/10.1016/s0096-0217(15)33023-5
https://doi.org/10.1016/s0096-0217(15)33023-5
https://doi.org/10.1179/136485907X229086
https://doi.org/10.1128/CVI.05680-11
https://doi.org/10.1186/s12890-015-0115-y
https://doi.org/10.1590/s0104-42302006000300012
https://doi.org/10.1590/s0066-782x2009001200019
https://doi.org/10.1590/s0066-782x2009001200019
https://doi.org/10.1016/j.jacc.2010.03.065
https://doi.org/10.1016/j.jacc.2010.03.065
https://doi.org/10.1378/chest.11-0483
https://doi.org/10.1378/chest.11-0483
https://doi.org/10.1590/s0066-782x2012005000071
https://doi.org/10.1590/s0066-782x2012005000071
https://doi.org/10.1371/journal.pone.0087699
https://doi.org/10.1378/chest.14-1036
https://doi.org/10.1183/13993003.00307-2018
https://doi.org/10.1016/j.ijcha.2019.100373
https://doi.org/10.1016/j.ijcha.2019.100373
https://doi.org/10.1590/0037-8682-0418-2019
https://doi.org/10.1183/09059180.00008211
https://doi.org/10.1183/09059180.00008211
https://doi.org/10.1183/16000617.0089-2019
https://doi.org/10.1093/eurheartj/ehv317
https://doi.org/10.1164/rccm.201508-1678OC
https://doi.org/10.1177/2045894019862435
https://doi.org/10.1177/2045894019862435
https://doi.org/10.1161/hc2901.093198
https://doi.org/10.1590/s1806-37132011000200018
https://doi.org/10.1590/s1806-37132011000200018
https://doi.org/10.4269/ajtmh.1983.32.1049
https://doi.org/10.1164/rccm.201101-0146OC
https://doi.org/10.1586/ers.11.58
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Sibomana et al. Schistosomiasis Pulmonary Arterial Hypertension
89. Kumar R, Mickael C, Kassa B, Gebreab L, Robinson JC, Koyanagi DE, et al.
TGF-b activation by bone marrow-derived thrombospondin-1 causes
Schistosoma- and hypoxia-induced pulmonary hypertension. Nat
Commun (2017) 8:15494. doi: 10.1038/ncomms15494

90. Lewis FA, Liang Y, Raghavan N, Knight M. The NIH-NIAID
Schistosomiasis Resource Center. PLoS Negl Trop Dis (2008) 2(7):e267.
doi: 10.1371/journal.pntd.0000267

91. Warren KS. Experimental pulmonary schistosomiasis. Trans R Soc Trop Med
Hyg (1964) 58:228–33. doi: 10.1016/0035-9203(64)90034-3

92. Crosby A, Jones FM, SouthwoodM, Stewart S, Schermuly R, Butrous G, et al.
Pulmonary Vascular Remodeling Correlates with Lung Eggs and Cytokines
in Murine Schistosomiasis. Am J Respir Crit Care Med (2010) 181:279–88.
doi: 10.1164/rccm.200903-0355OC

93. Smithers SR, Terry RJ. The infection of laboratory hosts with cercariae of
Schistosoma mansoni and the recovery of the adult worms. Parasitology
(1965) 55:695–700. doi: 10.1017/s0031182000086248

94. Greco DB, Pedroso ER, Lambertucci JR, Rocha MO, Coelho PM, Raso P, et al.
Pulmonary involvement in schistosomiasis mansoni. Mem Inst Oswaldo Cruz
(1987) 82 Suppl 4:221–7. doi: 10.1590/s0074-02761987000800040

95. Boros DL. The role of cytokines in the formation of the schistosome egg
granuloma. Immunobiology (1994) 191:441–50. doi: 10.1016/S0171-2985
(11)80450-X

96. Graham BB, Mentink-Kane MM, El-Haddad H, Purnell S, Zhang L, Zaiman A,
et al. Schistosomiasis-induced experimental pulmonary hypertension: role of
interleukin-13 signaling. Am J Pathol (2010) 177:1549–61. doi: 10.2353/
ajpath.2010.100063

97. Kumar R, Mickael C, Kassa B, Sanders L, Koyanagi D, Hernandez-Saavedra D,
et al. Th2 CD4+ T Cells Are Necessary and Sufficient for Schistosoma-
Pulmonary Hypertension. J Am Heart Assoc (2019) 8:e013111. doi: 10.1161/
JAHA.119.013111

98. Vignali DA, Bickle QD, Taylor MG, Tennent G, Pepys MB. Comparison of
the role of complement in immunity to Schistosoma mansoni in rats and
mice. Immunology (1988) 63:55–61.

99. Frid MG, McKeon BA, Thurman JM, Maron BA, Li M, Zhang H, et al.
Immunog lobu l in-dr iven Complement Act iva t ion Regula te s
Proinflammatory Remodeling in Pulmonary Hypertension. Am J Respir
Crit Care Med (2020) 201:224–39. doi: 10.1164/rccm.201903-0591OC

100. Melkus MW, Le L, Siddiqui AJ, Molehin AJ, Zhang W, Lazarus S, et al.
Elucidation of Cellular Responses in Non-human Primates With Chronic
Schistosomiasis Followed by Praziquantel Treatment. Front Cell Infect
Microbiol (2020) 10:57. doi: 10.3389/fcimb.2020.00057

101. George MP, Champion HC, Simon M, Guyach S, Tarantelli R, Kling HM,
et al. Physiologic changes in a nonhuman primate model of HIV-associated
pulmonary arterial hypertension. Am J Respir Cell Mol Biol (2013) 48:374–
81. doi: 10.1165/rcmb.2011-0434OC

102. Knights C. Pathomechanisms of schistosomiasis-induced pulmonary
Hypertension in the hamster model. (2013). Dissertation. Justus-Liebig-
Universität Gießen. Available at: http://geb.uni-giessen.de/geb/volltexte/
2013/10059/index.html on November 21, 2020.

103. Yu Q, Tai Y-Y, Tang Y, Zhao J, Negi V, Culley MK, et al. BOLA (BolA Family
Member 3) Deficiency Controls Endothelial Metabolism and Glycine
Homeostasis in Pulmonary Hypertension. Circulation (2019) 139:2238–55.
doi: 10.1161/CIRCULATIONAHA.118.035889

104. Samokhin AO, Stephens T, Wertheim BM, Wang R-S, Vargas SO, Yung L-M,
et al. NEDD9 targets COL3A1 to promote endothelial fibrosis and pulmonary
arterial hypertension. Sci Transl Med (2018) 10(445):eaap7294. doi: 10.1126/
scitranslmed.aap7294

105. Bertero T, Cottrill KA, Lu Y, Haeger CM, Dieffenbach P, Annis S, et al.
Matrix Remodeling Promotes Pulmonary Hypertension through Feedback
Mechanoactivation of the YAP/TAZ-miR-130/301 Circuit. Cell Rep (2015)
13:1016–32. doi: 10.1016/j.celrep.2015.09.049

106. White K, Lu Y, Annis S, Hale AE, Chau BN, Dahlman JE, et al. Genetic and
hypoxic alterations of the microRNA-210-ISCU1/2 axis promote iron-sulfur
deficiency and pulmonary hypertension. EMBO Mol Med (2015) 7:695–713.
doi: 10.15252/emmm.201404511

107. Bertero T, Lu Y, Annis S, Hale A, Bhat B, Saggar R, et al. Systems-level
regulation of microRNA networks by miR-130/301 promotes pulmonary
hypertension. J Clin Invest (2014) 124:3514–28. doi: 10.1172/JCI74773
Frontiers in Immunology | www.frontiersin.org 17
108. Kumar R, Mickael C, Chabon J, Gebreab L, Rutebemberwa A, Garcia AR,
et al. The Causal Role of IL-4 and IL-13 in Schistosoma mansoni Pulmonary
Hypertension. Am J Respir Crit Care Med (2015) 192:998–1008. doi: 10.1164/
rccm.201410-1820OC

109. Graham BB, Chabon J, Gebreab L, Poole J, Debella E, Davis L, et al.
Transforming growth factor-b signaling promotes pulmonary
hypertension caused by Schistosoma mansoni. Circulation (2013)
128:1354–64. doi: 10.1161/CIRCULATIONAHA.113.003072

110. Kassa B, Mickael C, Kumar R, Sanders L, Koyanagi D, Hernandez-Saavedra D,
et al. Paclitaxel blocks Th2-mediated TGF-b activation in Schistosoma
mansoni-induced pulmonary hypertension. Pulm Circ (2019)
9:2045894018820813. doi: 10.1177/2045894018820813

111. Graham BB, Kumar R. Schistosomiasis and the pulmonary vasculature (2013
Grover Conference series). Pulm Circ (2014) 4:353–62. doi: 10.1086/675983

112. Mickael C, Kumar R, Hernandez-Saavedra D, Kassa B, Sanders L, Koyanagi D,
et al. IL-6Ra in Smooth Muscle Cells Protects against Schistosoma- and
Hypoxia-induced Pulmonary Hypertension. Am J Respir Cell Mol Biol
(2019) 61:123–6. doi: 10.1165/rcmb.2018-0277LE

113. Kumar R, Mickael C, Kassa B, Sanders L, Hernandez-Saavedra D, Koyanagi
DE, et al. Interstitial Macrophage-Derived Thrombospondin-1 Contributes
to Hypoxia-Induced Pulmonary Hypertension. Cardiovasc Res (2019) 116
(12):2021–30. doi: 10.1093/cvr/cvz304

114. Crosby A, Soon E, Jones FM, Southwood MR, Haghighat L, Toshner MR,
et al. Hepatic Shunting of Eggs and Pulmonary Vascular Remodeling in
Bmpr2(+/-) Mice with Schistosomiasis. Am J Respir Crit Care Med (2015)
192:1355–65. doi: 10.1164/rccm.201412-2262OC

115. Mauad T, Pozzan G, Lanças T, Overbeek MJ, Souza R, Jardim C, et al.
Immunopathological aspects of schistosomiasis-associated pulmonary
arterial hypertension. J Infect (2014) 68:90–8. doi: 10.1016/j.jinf.
2013.08.004

116. Schwartz C, Oeser K, Prazeres da Costa C, Layland LE, Voehringer D. T cell-
derived IL-4/IL-13 protects mice against fatal Schistosomamansoni infection
independently of basophils. J Immunol (2014) 193:3590–9. doi: 10.4049/
jimmunol.1401155

117. Swartz JM, Dyer KD, Cheever AW, Ramalingam T, Pesnicak L, Domachowske
JB, et al. Schistosomamansoni infection in eosinophil lineage-ablated mice. Blood
(2006) 108:2420–7. doi: 10.1182/blood-2006-04-015933

118. Amsellem V, Abid S, Poupel L, Parpaleix A, Rodero M, Gary-Bobo G, et al.
Roles for the CX3CL1/CX3CR1 and CCL2/CCR2 Chemokine Systems in
Hypoxic Pulmonary Hypertension. Am J Respir Cell Mol Biol (2017) 56:597–
608. doi: 10.1165/rcmb.2016-0201OC

119. Archer SL. Pyruvate Kinase andWarburg Metabolism in Pulmonary Arterial
Hypertension: Uncoupled Glycolysis and the Cancer-Like Phenotype of
Pulmonary Arterial Hypertension. Circulation (2017) 136:2486–90.
doi: 10.1161/CIRCULATIONAHA.117.031655

120. Hernandez-Saavedra D, Sanders L, Freeman S, Reisz JA, Lee MH, Mickael C,
et al. Stable isotope metabolomics of pulmonary artery smooth muscle and
endothelial cells in pulmonary hypertension and with TGF-beta treatment.
Sci Rep (2020) 10:413. doi: 10.1038/s41598-019-57200-5

121. Sutendra G, Bonnet S, Rochefort G, Haromy A, Folmes KD, Lopaschuk GD,
et al. Fatty acid oxidation and malonyl-CoA decarboxylase in the vascular
remodeling of pulmonary hypertension. Sci Transl Med (2010) 2:44ra58.
doi: 10.1126/scitranslmed.3001327

122. Borthwick LA, Wynn TA, Fisher AJ. Cytokine mediated tissue fibrosis. Biochim
Biophys Acta (2013) 1832:1049–60. doi: 10.1016/j.bbadis.2012.09.014

123. Ferreira R de C dos S, Montenegro SML, Domingues ALC, Bandeira AP,
Silveira CA da M, Leite LAC, et al. TGF beta and IL13 in schistosomiasis
mansoni associated pulmonary arterial hypertension; a descriptive study
with comparative groups. BMC Infect Dis (2014) 14:282. doi: 10.1186/1471-
2334-14-282

124. Ma W, Han W, Greer PA, Tuder RM, Toque HA, Wang KKW, et al. Calpain
mediates pulmonary vascular remodeling in rodent models of pulmonary
hypertension, and its inhibition attenuates pathologic features of disease.
J Clin Invest (2011) 121:4548–66. doi: 10.1172/JCI57734

125. Zaiman AL, Podowski M, Medicherla S, Gordy K, Xu F, Zhen L, et al. Role of
the TGF-beta/Alk5 signaling pathway in monocrotaline-induced pulmonary
hypertension. Am J Respir Crit Care Med (2008) 177:896–905. doi: 10.1164/
rccm.200707-1083OC
December 2020 | Volume 11 | Article 608883

https://doi.org/10.1038/ncomms15494
https://doi.org/10.1371/journal.pntd.0000267
https://doi.org/10.1016/0035-9203(64)90034-3
https://doi.org/10.1164/rccm.200903-0355OC
https://doi.org/10.1017/s0031182000086248
https://doi.org/10.1590/s0074-02761987000800040
https://doi.org/10.1016/S0171-2985(11)80450-X
https://doi.org/10.1016/S0171-2985(11)80450-X
https://doi.org/10.2353/ajpath.2010.100063
https://doi.org/10.2353/ajpath.2010.100063
https://doi.org/10.1161/JAHA.119.013111
https://doi.org/10.1161/JAHA.119.013111
https://doi.org/10.1164/rccm.201903-0591OC
https://doi.org/10.3389/fcimb.2020.00057
https://doi.org/10.1165/rcmb.2011-0434OC
http://geb.uni-giessen.de/geb/volltexte/2013/10059/index.html
http://geb.uni-giessen.de/geb/volltexte/2013/10059/index.html
https://doi.org/10.1161/CIRCULATIONAHA.118.035889
https://doi.org/10.1126/scitranslmed.aap7294
https://doi.org/10.1126/scitranslmed.aap7294
https://doi.org/10.1016/j.celrep.2015.09.049
https://doi.org/10.15252/emmm.201404511
https://doi.org/10.1172/JCI74773
https://doi.org/10.1164/rccm.201410-1820OC
https://doi.org/10.1164/rccm.201410-1820OC
https://doi.org/10.1161/CIRCULATIONAHA.113.003072
https://doi.org/10.1177/2045894018820813
https://doi.org/10.1086/675983
https://doi.org/10.1165/rcmb.2018-0277LE
https://doi.org/10.1093/cvr/cvz304
https://doi.org/10.1164/rccm.201412-2262OC
https://doi.org/10.1016/j.jinf.2013.08.004
https://doi.org/10.1016/j.jinf.2013.08.004
https://doi.org/10.4049/jimmunol.1401155
https://doi.org/10.4049/jimmunol.1401155
https://doi.org/10.1182/blood-2006-04-015933
https://doi.org/10.1165/rcmb.2016-0201OC
https://doi.org/10.1161/CIRCULATIONAHA.117.031655
https://doi.org/10.1038/s41598-019-57200-5
https://doi.org/10.1126/scitranslmed.3001327
https://doi.org/10.1016/j.bbadis.2012.09.014
https://doi.org/10.1186/1471-2334-14-282
https://doi.org/10.1186/1471-2334-14-282
https://doi.org/10.1172/JCI57734
https://doi.org/10.1164/rccm.200707-1083OC
https://doi.org/10.1164/rccm.200707-1083OC
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Sibomana et al. Schistosomiasis Pulmonary Arterial Hypertension
126. Lackey EK, Horrall S. Schistosomiasis (Schistosoma Haematobium), in:
StatPearls. Treasure Island (FL: StatPearls Publishing. Available at: http://
www.ncbi.nlm.nih.gov/books/NBK554434/ (Accessed September 3, 2020).

127. Chitsulo L, Engels D, Montresor A, Savioli L. The global status of schistosomiasis
and its control. Acta Trop (2000) 77:41–51. doi: 10.1016/s0001-706x(00)00122-4

128. Nelwan ML. Schistosomiasis: Life Cycle, Diagnosis, and Control. Curr Ther
Res Clin Exp (2019) 91:5–9. doi: 10.1016/j.curtheres.2019.06.001

129. Schistosoma. Available at: http://parasite.org.au/para-site/text/schistosoma-
text.html (Accessed September 3, 2020).

130. Cheever AW, Macedonia JG, Mosimann JE, Cheever EA. Kinetics of egg
production and egg excretion by Schistosoma mansoni and S. japonicum in
mice infected with a single pair of worms. Am J Trop Med Hyg (1994)
50:281–95. doi: 10.4269/ajtmh.1994.50.281

131. Llanwarne F, Helmby H. Granuloma formation and tissue pathology in
Schistosoma japonicum versus Schistosoma mansoni infections. Parasite
Immunol (2020) e12778. doi: 10.1111/pim.12778

132. Jenkins SJ, Hewitson JP, Jenkins GR, Mountford AP. Modulation of the
host’s immune response by schistosome larvae. Parasite Immunol (2005)
27:385–93. doi: 10.1111/j.1365-3024.2005.00789.x

133. Ouaissi A. Regulatory cells and immunosuppressive cytokines: parasite-
derived factors induce immune polarization. J BioMed Biotechnol (2007)
2007:94971. doi: 10.1155/2007/94971

134. Everts B, Hussaarts L, Driessen NN, Meevissen MHJ, Schramm G, van der
Ham AJ, et al. Schistosome-derived omega-1 drives Th2 polarization by
suppressing protein synthesis following internalization by the mannose
receptor. J Exp Med (2012) 209:1753–67, S1. doi: 10.1084/jem.20111381

135. Ke X-D, Shen S, Song L-J, Yu C-X, Kikuchi M, Hirayama K, et al.
Characterization of Schistosoma japonicum CP1412 protein as a novel
member of the ribonuclease T2 molecule family with immune regulatory
function. Parasit Vectors (2017) 10:89. doi: 10.1186/s13071-016-1962-y

136. Von Lichtenberg F, Erickson DG, Sadun EH. Comparative histopathology of
schistosome granulomas in the hamster. Am J Pathol (1973) 72:149–78.

137. Watt G, LongGW, Calubaquib C, Ranoa CP. Cardiopulmonary involvement rare
in severe Schistosoma japonicum infection. Trop Geogr Med (1986) 38:233–9.

138. Deng Z, Morse JH, Slager SL, Cuervo N, Moore KJ, Venetos G, et al. Familial
primary pulmonary hypertension (gene PPH1) is caused by mutations in the
bone morphogenetic protein receptor-II gene. Am J Hum Genet (2000)
67:737–44. doi: 10.1086/303059
Frontiers in Immunology | www.frontiersin.org 18
139. International PPHC, Lane KB, Machado RD, Pauciulo MW, Thomson JR,
Phillips JA3, et al. Heterozygous germline mutations in BMPR2, encoding a
TGF-beta receptor, cause familial primary pulmonary hypertension. Nat
Genet (2000) 26:81–4. doi: 10.1038/79226

140. Atkinson C, Stewart S, Upton PD, Machado R, Thomson JR, Trembath RC,
et al. Primary pulmonary hypertension is associated with reduced
pulmonary vascular expression of type II bone morphogenetic protein
receptor. Circulation (2002) 105:1672–8. doi: 10.1161/01.cir.0000012754.
72951.3d

141. Gavilanes F, Fernandes CJ, Souza R. Pulmonary arterial hypertension in
schistosomiasis. Curr Opin Pulm Med (2016) 22:408–14. doi: 10.1097/
MCP.0000000000000300

142. Dorris SL, Peebles RSJr. PGI2 as a regulator of inflammatory diseases.
Mediators Inflamm (2012) 2012:926968. doi: 10.1155/2012/926968

143. Acceleron Presents Topline Results of the PULSAR Phase 2 Trial of Sotatercept
in Patients with Pulmonary Arterial Hypertension. Available at: http://
investor.acceleronpharma.com/node/14921/pdf (Accessed September 15,
2020).

144. Lee MH, Bull TM. The role of pulmonary arterial hypertension-targeted
therapy in systemic sclerosis. F1000Res (2019) 8:F1000 Faculty Rev–2124.
doi: 10.12688/f1000research.20313.1

145. Gavilanes F, Alves JL, Fernandes C, Prada LFL, Jardim CVP, Morinaga LTK,
et al. Left ventricular dysfunction in patients with suspected pulmonary
arterial hypertension. J Bras Pneumol (2014) 40:609–16. doi: 10.1590/S1806-
37132014000600004

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

Copyright © 2020 Sibomana, Campeche, Carvalho-Filho, Correa, Duani, Pacheco
Guimaraes, Hilton, Kassa, Kumar, Lee, Loureiro, Mazimba, Mickael, Oliveira, Ota-
Arakaki, Rezende, Silva, Sinkala, Ahmed and Graham. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
December 2020 | Volume 11 | Article 608883

http://www.ncbi.nlm.nih.gov/books/NBK554434/
http://www.ncbi.nlm.nih.gov/books/NBK554434/
https://doi.org/10.1016/s0001-706x(00)00122-4
https://doi.org/10.1016/j.curtheres.2019.06.001
http://parasite.org.au/para-site/text/schistosoma-text.html
http://parasite.org.au/para-site/text/schistosoma-text.html
https://doi.org/10.4269/ajtmh.1994.50.281
https://doi.org/10.1111/pim.12778
https://doi.org/10.1111/j.1365-3024.2005.00789.x
https://doi.org/10.1155/2007/94971
https://doi.org/10.1084/jem.20111381
https://doi.org/10.1186/s13071-016-1962-y
https://doi.org/10.1086/303059
https://doi.org/10.1038/79226
https://doi.org/10.1161/01.cir.0000012754.72951.3d
https://doi.org/10.1161/01.cir.0000012754.72951.3d
https://doi.org/10.1097/MCP.0000000000000300
https://doi.org/10.1097/MCP.0000000000000300
https://doi.org/10.1155/2012/926968
http://investor.acceleronpharma.com/node/14921/pdf
http://investor.acceleronpharma.com/node/14921/pdf
https://doi.org/10.12688/f1000research.20313.1
https://doi.org/10.1590/S1806-37132014000600004
https://doi.org/10.1590/S1806-37132014000600004
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Schistosomiasis Pulmonary Arterial Hypertension
	Introduction
	Epidemiology of Schistosomiasis-Associated Pulmonary Arterial Hypertension
	Pathogenesis and Clinical Presentation of HSS

	Screening and Diagnosis of SchPAH
	Differences in Presentation and Prognosis of SchPAH Compared to Idiopathic and Other PAH Etiologies
	Treatment of SchPAH
	SchPAH Animal Models
	Current Concepts of SchPAH Disease Pathogenesis
	Schistosoma japonicum VERSUS Schistosoma mansoni
	Future Directions and Areas of Active Investigation
	Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




