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Abstract

Rationale: Schistosomiasis is a major cause of pulmonary arterial
hypertension (PAH). Mutations in the bone morphogenetic protein
type-II receptor (BMPR-II) are the commonest genetic cause of PAH.

Objectives: To determine whether Bmpr21/2 mice are more
susceptible to schistosomiasis-induced pulmonary vascular
remodeling.

Methods:Wild-type (WT) and Bmpr21/2 mice were infected
percutaneously with Schistosoma mansoni. At 17 weeks
postinfection, right ventricular systolic pressure and liver and lung
egg counts were measured. Serum, lung and liver cytokine,
pulmonary vascular remodeling, and liver histology were assessed.

Measurements and Main Results: By 17 weeks postinfection,
there was a significant increase in pulmonary vascular remodeling in
infectedmice. This was greater inBmpr21/2mice andwas associated
with an increase in egg deposition and cytokine expression, which

induced pulmonary arterial smooth muscle cell proliferation, in the
lungs of these mice. Interestingly, Bmpr21/2 mice demonstrated
dilatation of the hepatic central vein at baseline and postinfection,
compared with WT. Bmpr21/2 mice also showed significant
dilatation of the liver sinusoids and an increase in inflammatory cells
surrounding the central hepatic vein, compared with WT. This is
consistent with an increase in the transhepatic passage of eggs.

Conclusions: This study has shown that levels of BMPR-II
expression modify the pulmonary vascular response to chronic
schistosomiasis. The likely mechanism involves the increased
passage of eggs to the lungs, caused by altered diameter of the hepatic
veins and sinusoids in Bmpr21/2 mice. Genetically determined
differences in the remodeling of hepatic vessels may represent a
new risk factor for PAH associated with schistosomiasis.

Keywords: pulmonary hypertension; schistosomiasis; bone-
morphogenetic protein type II receptor; pulmonary vascular
remodeling

Schistosomiasis is the world’s third leading
endemic parasitic disease and is reputedly
the world’s most common cause of
pulmonary arterial hypertension (PAH) (1).
After infection, Schistosoma mansoni

worms mate in the liver and lay eggs in the
mesenteric venules of the intestine. Most
eggs are excreted in the stool; however,
some are retained in the tissues and migrate
to hepatic sinusoids. Chronic S. mansoni

infection can result in periportal fibrosis
and portal hypertension; portocaval
collaterals are thought to enlarge, allowing
eggs to embolize to the lung, where they
migrate through the vessel wall into the
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parenchyma (2, 3), resulting in the
formation of granulomata with subsequent
fibrosis (4).

Until recently, it was unclear whether
pulmonary vascular remodeling and PAH in
schistosomiasis was caused by the presence
of eggs in the lung, the underlying liver
disease, or systemic inflammation. However,
recent studies by our group and others (5–8)
in mouse models have shown that
pulmonary vascular remodeling and PAH
are related to the density of egg deposition
within the lung and the subsequent local
inflammatory reaction, which induces
pulmonary arterial smooth muscle cell
(PASMC) proliferation. In addition, we
have shown (6) that the local inflammatory
cytokines, particularly IL-13, induce
migration of PASMC, thus contributing to
pulmonary vascular remodeling. We have
observed a negative correlation between egg
distance and degree of vascular remodeling
(5). Transforming growth factor (TGF)-b

signaling seems to be particularly important
in driving the remodeling.

Although the mechanisms underlying
the pathobiology of PAH are diverse (9–11)
a central mechanism involves mutations in
bone morphogenetic protein type-II
receptor (BMPR-II), a receptor for the
TGF-b superfamily (9, 12–15). Mutations
in BMPR-II are known to cause 80% of
cases of familial and up to 25% of sporadic
cases of PAH. Dysfunction of BMPR-II
signaling has been shown by our group
(9, 16, 17) and others (14, 15) to contribute
to nongenetic forms of pulmonary
hypertension in humans (16, 18, 19) and
experimental animal models.

The aim of the present study was to
determine if Bmpr21/2 mice developed more
profound pulmonary vascular remodeling
compared with wild-type (WT) mice, and if
so, what mechanisms underlie this process.
We found that Bmpr21/2 mice exhibited
more pronounced vascular remodeling than
WT mice; this was associated with a

significant increase in egg burden in the
lungs of these animals. Because hepatic
vein shunting of eggs is thought to be the
mechanism of egg deposition in the lung
during Schistosoma spp. infection we
looked for and found evidence not only
of dilatation of the hepatic veins in
Bmpr21/2 mice but also dilation of the
hepatic sinusoids and an increase in
neutrophils surrounding the hepatic
vessels, thus providing an explanation for
the mechanism of egg transit to the lungs.
Thus, genetically determined differences in
the portal vasculature may contribute to
the pathobiology of PAH associated with
schistosomiasis.

Methods

Experimental Mouse Model of
S. mansoni Infection
A Puerto Rican strain of S. mansoni was
used in all experiments (20). Thirteen
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Figure 1. (A) Scatter plot showing percentage wall thickness of pulmonary arterioles at the level of the
terminal bronchiole in wild-type (WT) control (n = 4), Bmpr21/2 control (n = 4), WT infected (n = 5), and
Bmpr21/2 infected lungs (n = 5). Data are presented as mean6 SEM. *P, 0.05 compared with WT
control, #P, 0.05 compared with Bmpr21/2 control, 1P,0.05 compared with WT infected. (B)
Representative photomicrographs 3400 magnification of lung sections immunostained with a-smooth
muscle actin from WT control, Bmpr21/2 control, WT infected, and Bmpr21/2 infected mice. Scale
bars=100 mm. A = arteries; Bmpr2 = bone morphogenetic protein type 2 receptor; Cont = control.

At a Glance Commentary

Scientific Knowledge on the
Subject: Schistosomiasis is
considered the commonest worldwide
cause of pulmonary arterial
hypertension (PAH). Mutations in the
bone morphogenetic protein type-II
receptor (BMPR-II) are the
commonest genetic cause of PAH.
However, little is known as to whether
mutations in BMPR-II can increase
susceptibility to schistosomiasis-
induced pulmonary vascular
remodeling and PAH.

What This Study Adds to the
Field: We used our established model
of chronic schistosomiasis in wild-type
and Bmpr21/2 mice and showed
that animals deficient in BMPR-II
demonstrate a greater number of eggs
and higher cytokine expression in the
lungs, associated with a greater degree
of pulmonary vascular remodeling. In
addition, we show that the increased
lung egg deposition is caused by a
greater diameter of the hepatic veins
and sinusoids in Bmpr21/2 mice.
Thus, genetically determined
differences in the hepatic vasculature
may represent a new risk factor for
PAH associated with schistosomiasis.
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female BMPR-II heterozygous (Bmpr21/2)
and 16 female WT (littermate control
animals) C57/BL6 adult mice were infected
transcutaneously with 30 cercariae, as
previously described (6). At 17 weeks
postinfection animals underwent right
heart catheterization and were then killed.
Mice were exsanguinated and plasma was
retained for cytokine analysis. Noninfected
WT and Bmpr21/2 animals were also
studied. All protocols and surgical
procedures were approved by the local
animal care committee.

Measurement of Right Ventricular
Systolic Pressure
At 17 weeks postinfection mice were
anesthetized (hypnorm/hypnovel) for

hemodynamic assessment. Body weight was
recorded and right-heart catheterization was
performed to measure right ventricular
systolic pressure, as previously described (21).

Right Ventricular Hypertrophy
The degree of right ventricular hypertrophy
was determined from the RV/(LV1 S)
ratio, as previously described (21).

Tissue Preparation
The left lung was fixed in situ in the
distended state by infusion of 0.8% agarose
into the trachea, and then placed in 10%
paraformaldehyde before paraffin-
embedding. The right caudal lobe was taken
for egg counts. The remaining lung lobes
were frozen in liquid nitrogen. The liver

was removed and weighed. The right,
caudate, and left lateral lobes of the liver
were retained for egg counts. Liver was also
placed in 10% paraformaldehyde for
histology and immunocytochemistry.

Tissue Egg Counts
To quantify the number of eggs in the lung
and liver, tissues were digested in 4% KOH,
and eggs were counted as described
previously (22).

Pulmonary Vascular Morphometry
Lung tissues were stained with anti–smooth
muscle a-actin (DakoCytomation, Ely, UK)
(see online supplement methods).

Micro–Computed Tomography
Micro–computed tomography on the livers
of control and infected mice inflated lungs
was performed using a Skyscan 1174
(Bruker Instruments, Kontich, Belgium)
(see online supplement methods).

Liver Morphometry
Liver tissue was placed in formalin and
processed as previously described (see
online supplement methods) (23).

Collagen Assay
A collagen assay (as previously described
[24]) was performed to measure the degree
of fibrosis in the liver and lungs of control
and infected mice.

Cytokine Measurements
Serum cytokines levels were measured using
a multiplexed mouse cytokine assay from
R and D Systems (Abingdon, UK) according
to the manufacturer’s protocol. Lung and
liver cytokine mRNA expression was
determined after TRIzol extraction using
real-time polymerase chain reaction (see
online supplement methods). Protein levels
of lung cytokines were measured using the
MSD Multispot assay (Meso Scale
Diagnostics, Rockville, MD).

Macrophage Phagocytosis Assay
A macrophage phagocytosis assay was
performed (see online supplement
methods).

Statistical Analysis
GraphPad Prism 5 (GraphPad Software,
Inc., La Jolla, CA) was used for all statistical
analysis. Where appropriate, data were
tested for normality using the Kolmogorov-
Smirnov method. Where the data were not
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Figure 2. (A) Lung egg count per gram of tissue in wild-type (WT) infected (n = 9) and Bmpr21/2

infected (n = 7) mice. Data are presented as mean6 SEM. *P, 0.05. (B) Liver egg counts per gram
of tissue (n = 10), WT infected (n = 10), and Bmpr21/2 infected (n = 8) mice. Data are presented as
mean6 SEM. (C) Correlation between percentage wall thickness and lung eggs in WT (circles)
and Bmpr21/2 (triangles) mice (slope = 1.085; 95% confidence interval, 0.5228–1.647; ***P, 0.001;
r = 0.65 Spearman correlation coefficient). (D) Micro–computed tomography of a noninfected mouse
liver and a WT and Bmpr21/2 infected liver. Bmpr2 = bone morphogenetic protein type 2 receptor.
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normally distributed nonparametric analysis
was applied. Data are presented as mean6
SEM. Data were compared using the Mann-
Whitney (Figures 1, 2A, 3C, 4A, 6A–6D, 6G,
7, 8A, 8C, 8D, and 9) or Student t test
(Figures 2B, 4B, 6F, and 7B) as appropriate.
Correlations were determined using
Spearman rank correlation, linear regression
(Figures 2C and 6E). The level of
significance was P less than 0.05.

Results

Bmpr21/2 Mice Develop More
Marked Pulmonary Vascular
Remodeling Than WT Mice
To determine if mutant schistosomiasis-
infected mice develop more profound
remodeling we measured percentage wall
thickness of pulmonary vessels associated
with terminal bronchioles. The data show
that WT and Bmpr21/2 infected mice develop
a significant elevation in percentage medial
wall thickness when compared with their
noninfected WT and Bmpr21/2 (P, 0.05,
respectively) (Figure 1A). The Bmpr21/2

infected mice had a significantly greater
percentage wall thickness (P, 0.05)
compared with WT infected mice
(Figure 1A). Interestingly, even at baseline,
Bmpr21/2 noninfected mice exhibited a
significantly greater percentage wall
thickness, compared with WT noninfected
mice. Despite the increase in pulmonary
vascular remodeling seen, we did not see an
increase in right ventricular systolic
pressure, right ventricular hypertrophy, or
liver weight in Bmpr21/2 mice compared
with WT mice (see Figure E1 in the online
supplement). This is consistent with our
previous findings where at least 25 weeks of
infection is needed for animals to develop
overt PAH (5). Figure 1B shows
representative photomicrographs of lung
sections taken for analysis.

Bmpr21/2 Mice Exhibit Increased Egg
Deposition in the Lungs, Which
Correlates with Vascular Wall
Thickness
Our previous studies have shown that it is
the presence of eggs in the lungs that is
responsible for the pulmonary vascular

remodeling seen in this model of PAH (5, 6).
Moreover, we have shown that the degree
of vascular remodeling correlates negatively
with the distance of the vessel from the egg
(5). Interestingly, the Bmpr21/2 mice
exhibited increased numbers of eggs in the
lung compared with WT mice (P, 0.05)
(Figure 2A). Consistent with our previous
reports, we have confirmed the positive
correlation between lung egg burden and
pulmonary vessel thickness (in both WT
and Bmpr21/2 mice) (P, 0.001; linear
regression model; regression coefficient,
1.085; 95% confidence interval,
0.5228–1.647; Spearman rank correlation
coefficient) (Figure 2C).

In contrast to the differences between
genotypes in the number of eggs in the
lungs, there was no difference in the number
of eggs in the liver tissue between the
Bmpr21/2 and WT mice (Figure 2B).
As previously reported (5, 6), the overall
number of eggs in the liver was
approximately 10-fold higher than
the number of eggs in the lung.
Micro–computed tomography revealed the
similar distribution of granulomata
surrounding eggs in the livers of WT and
Bmpr21/2 animals (Figure 2D). The degree
of fibrosis in the lung and liver tissue was
determined using a colorimetric assay (see
Figure E2). There was a significant increase
in fibrosis in the livers and lungs of infected
mice compared with noninfected mice but
no difference between the genotypes.

Macrophages from Bmpr21/2Mice
Do Not Demonstrate Defects in
Phagocytosis
To determine if the increased egg deposition
in the lungs of the Bmpr21/2 mice could
be related to a defect in macrophage
phagocytosis, we cultured macrophages
from WT and Bmpr21/2 mice with
fluorescently tagged beads and measured
their ability to phagocytose the beads
(Figures 3A and 3B). There were no
differences in the ability of bone-marrow-
derived macrophages from Bmpr21/2 or
WT mice to phagocytose beads (Figure 3C).

Bmpr21/2 Mice Exhibit Dilatation of
Hepatic Veins and Sinusoids
To identify the mechanism for increased
lung deposition of eggs in Bmpr21/2 mice
we hypothesized that BMPR-II deficiency
may alter hepatic vascular structure because
(1) BMPR-II plays an important role in
vascular integrity (25, 26), (2) BMPR-II
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Figure 3. (A, B) Plots showing fluorescence of macrophages cultured with fluorescently tagged beads
for 2 hours at 48C (P3) (control) (A) and macrophages cultured with fluorescently tagged beads for
2 hours at 378C (P3) (experimental) (B). (C) Bar chart showing percentage of specific bead uptake in
macrophages from wild-type (WT) and Bmpr21/2 control mice, calculated as fluorescence at 378C (P3)2
fluorescence at 48C (P3). Graph shows mean6 SEM of four individual experiments. Bmpr2 = bone
morphogenetic protein type 2 receptor; Cont = control; P3 = fluorescence intensity above background.
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mutation has been associated with
arteriovenous malformations (27), and (3)
portocaval collateral vessels are thought
to be the conduit for the passage of
schistosoma eggs to the lung (2, 3). In
support of our hypothesis, we observed
a small but significant increase in the
diameter of the central hepatic veins in
noninfected Bmpr21/2 mice (Figures 4A
and 4C) compared with WT mice. The
diameter of the hepatic veins was
increased in WT and Bmpr21/2 mice
chronically infected with S. mansoni
(Figures 4A, 4C, and 4D). However,
dilatation of hepatic veins was more

marked in infected Bmpr21/2 mice
compared with infected WTs (Figures 4A,
4C, and 4D). There was a significant increase
in the number of neutrophils (P, 0.05)
surrounding the hepatic veins in the infected
mice compared with noninfected mice (see
Figure E3A). There was a trend (P = 0.05) for
an increase in neutrophils surrounding the
hepatic central vein in infected Bmpr21/2

mice, compared with infected WT mice (see
Figure E3B). In addition, there was a
significant dilatation of the hepatic sinusoids
in Bmpr21/2 infected mice compared with
noninfected Bmpr21/2 mice, and compared
with WT infected mice (Figure 5). There was

no increase in vessel number in infected
Bmpr21/2 mice, compared with WT mice
(Figure 4B).

Bmpr21/2 Mice Demonstrate
Increased Lung IL-13 Expression
We have previously shown that chronic
schistosomiasis and lung egg deposition
causes an increase in the expression of
cytokines in the mouse lung, especially
IL-13, keratinocyte chemoattractant (Kc),
and IL-4, and that lung cytokines correlate
with egg burden and degree of pulmonary
vascular remodeling (5, 6). In the present
study we compared lung IL-6, IL-8, and
IL-13 mRNA expression in Bmpr21/2

and WT mice after 17 weeks of infection
to determine whether Bmpr21/2 mice
demonstrate increased local lung cytokine
expression.

In keeping with the increased egg
burden seen in the lungs of the Bmpr21/2

mice, we observed an increase in IL-13
mRNA expression (P, 0.05) (Figure 6A)
and a trend toward an increase in IL-6
expression in the lungs of these mice,
compared with WT mice. There was a
high degree of variability between the
animals in lung expression of Kc and IL-4
(Figures 6B and 6C, respectively). We
found a significant increase in both lung
expression of IL-13 and IL-6 (P, 0.05) in
the infected Bmpr21/2 mice compared with
Bmpr21/2 control. We found a significant
correlation between lung IL-13 mRNA
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Figure 5. Bar graph showing hepatic sinusoid
diameter in wild-type (WT) and Bmpr21/2

control (n = 4) and WT and Bmpr21/2 infected
mice (n = 5). Data are presented as mean6
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expression and the number of eggs in the
lung (P, 0.001) (Figure 6E). There were
no significant differences in the expression
levels of these cytokines in the livers of
infected animals (Figures 6F and 6G),
in keeping with the similar liver egg
deposition. In addition, we saw a significant

increase in IL-12p70, IL-2, and IL-4 protein
expression in the lungs of infected mice
compared with noninfected mice (P, 0.05)
(Figures 7A–7C). We also observed a
significant reduction in IL-12p70 levels in
infected Bmpr21/2 mice compared with WT
infected mice. Interestingly, IL-12P70 plays

an important immunomodulatory role and
has been shown to down-regulate granuloma
formation (28). There was no significant
difference in the levels of circulating serum
cytokines between WT and Bmpr21/2

infected mice (Figure 8). However, we did
observe a significant increase in serum
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Bmpr21/2 control, 1P,0.05 compared with WT infected, and *P, 0.05 compared with WT control. (E) Correlation between lung IL-13 expression and lung
egg deposition (n = 17) (Spearman rank correlation coefficient in WT [circles] and Bmpr21/2 [triangles] infected mice, ***P,0.001). (F, G) Liver cytokine expression
in WT and Bmpr21/2 control and infected mice. (F) IL-13 (WT Cont n =6, Bmpr21/2 Cont n=6, WT infected n =9, Bmpr21/2 infected n=7); (G) Kc (WT Cont
n= 5, Bmpr21/2 Cont n =4, WT infected n =9, Bmpr21/2 infected (n = 7). Data are presented as mean6 SEM. *P,0.05 compared with WT control. Bmpr2 =
bone morphogenetic protein type 2 receptor; Cont = control.
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IL-13, Kc, and IL-6 (P, 0.001) between
WT control and WT infected mice, and a
significant increase in serum IL-13 and Kc
(P, 0.001) between control Bmpr21/2

and infected Bmpr21/2 mice. We also

observed a significant difference in serum
IL-6 (P, 0.01) between control WT and
control Bmpr21/2 mice.

In addition, in an in vitro assay in
which PASMC from WT and Bmpr21/2

control mice were cultured with S. mansoni
eggs for 24 hours, we observed an increase
in IL-6 production by the Bmpr21/2

PASMC compared with WT PASMC
(see Figure E4).
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Figure 7. Bar graphs showing lung cytokine profiles in wild-type (WT) and Bmpr21/2control and infected mice. (A) IL-12p70; (B) IL-2; (C) IL-4; (D) tumor necrosis
factor (TNF)-a; (E) IFN; (F) keratinocyte chemoattractant (Kc); (G) IL-6 (WT Cont n = 6, Bmpr21/2 Cont n = 3, WT infected n = 7, Bmpr21/2 infected n = 4). Data
are presented as mean6 SEM. *P, 0.05 compared with WT control, #P, 0.05 compared with Bmpr21/2 control, 1P, 0.05 compared with Bmpr21/2

infected. Bmpr2 = bone morphogenetic protein type 2 receptor; Cont = control.
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Increased TGF-b1 Signaling in the
Lungs of Infected Mice
There is evidence to suggest that TGF-b1
signaling plays an important role in
schistosomiasis-induced PAH (7); we
therefore investigated the expression of
the downstream markers of TGF-b1
activation, plasminogen activation inhibitor
1 (PAI1) and connective tissue growth
factor (CTGF), in the lungs and livers of
control and infected mice (Figure 9). We
saw no difference in TGF-b1 activation and
signaling in the lung tissue between the two
genotypes, but we did see a significant
increase in both PAI1 (P, 0.05) and CTGF
(P, 0.05) in infected mice compared with
their control animals. Similarly, we saw an
increase in PAI1 expression in the livers of

infected WT mice compared with WT
control animals (P, 0.01) and in the livers
of infected Bmpr21/2 mice compared with
Bmpr21/2 control animals (P, 0.01). We
saw a trend of an increase in liver CTGF
expression in the infected mice compared
with the control mice.

Discussion

This study has demonstrated that
levels of BMPR-II expression modify the
pulmonary vascular response to chronic
schistosomiasis. The likely mechanisms
involve the increased passage of eggs to
the lungs caused by altered remodeling of
the hepatic vasculature in Bmpr21/2

mice. Indeed, we saw an alteration in

the pulmonary and hepatic vasculature,
even in control conditions.

The explanation for an increase in
pulmonary vascular remodeling in Bmpr21/2

mice compared with WT mice is that
Bmpr21/2 mice had a significantly greater
number of eggs in their lungs compared
with WT mice. The eggs produced by the
female schistosome are highly antigenic and
are thought to be responsible for the major
pathology associated with the disease (4).
The chronic model is mainly a Th2-driven
response and the eggs are surrounded
by granulomas consisting largely of
macrophages and lymphocytes (20, 29). In
keeping with the increase in eggs seen in
the lungs of the Bmpr21/2 mice we also see
a significant increase in local inflammatory
cytokines. Indeed, we have shown a highly
positive correlation between the number of
eggs in the lung and lung IL-13 expression
and a positive correlation between lung egg
count and pulmonary vascular remodeling.
We also saw a trend for an increase in lung
IL-6 expression in infected Bmpr21/2 mice
compared with WT infected mice and an
increase in IL-6 production in supernatants
from PASMC from Bmpr21/2 mice that
had been cultured with S. mansoni eggs for
24 hours in vitro. In a previous publication
we have shown that PASMC from patients
with a mutation in BMPR-2 proliferate in
response to IL-6, whereas PASMC from
controls did not (30). Importantly, we have
also previously shown an increase in the
migratory response to TH2 cytokines,
particularly IL-13 (6).

Interestingly, we do not see this
difference in the liver or in the circulating
cytokines. This further supports the
hypothesis that it is the local inflammatory
response in the lungs that is driving
pulmonary vascular remodeling rather than
the circulating cytokine levels. In addition,
we have shown a significant increase in
TGF-b1 signaling in the lungs and livers
of infected WT and Bmpr21/2 mice. This
is particularly interesting because TGF-b1
signaling has been shown to be important
in modulating the IL-4 and IL-13
response (7).

The explanation for Bmpr21/2 mice
having a greater deposition of eggs in the
lung compared with WT mice could be
either that they have an abnormality in the
hepatic vasculature, which enables eggs to
more easily access the lung, or a defect
in egg clearance of dead eggs. It is
reported that 10–20% patients with the
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Figure 8. Plots showing serum cytokine profiles in wild-type (WT) and Bmpr21/2control and infected
mice. (A) IL-13 (WT Cont n = 10, Bmpr21/2 Cont n = 5, WT infected n = 10, Bmpr21/2 infected n = 7);
(B) keratinocyte chemoattractant (KC) (WT Cont n = 9, Bmpr21/2 Cont n = 6, WT infected n = 10,
Bmpr21/2 infected n = 7); (C) IL-4 (WT Cont n = 6, Bmpr21/2 Cont n = 4, WT infected n = 10, Bmpr21/2

infected n = 7); (D) IL-6 (WT Cont n = 7, Bmpr21/2 Cont n = 4, WT infected n = 10, Bmpr21/2 infected
n = 7). Data are presented as mean6 SEM. **P , 0.01 compared with WT control, ***P, 0.001
compared with WT control, ###P, 0.001 compared with Bmpr21/2 control. Bmpr2 = bone
morphogenetic protein type 2 receptor; Cont = control.
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hepatosplenic form of schistosomiasis
mansoni develop PAH (31–33). This is
thought to be caused by the opening of
portocaval collaterals, in response to an
increase in portal pressure, which enables
the eggs to be shunted into the lungs (2, 6,
34). Warren and coworkers (34) performed
a partial portal vein ligation in a mouse
model of S. mansoni. They reported that
there was a larger number of eggs in the
lungs of mice with the partial portal
ligation, than in sham operated mice. In
addition, portopulmonary hypertension
is well documented (35–37). Although
we did not measure portal venous
pressure, elevated portal venous pressure
has been reported previously in mice
infected with S. mansoni (38–40) and is

used as a diagnostic measure in patients
with the hepatosplenic form of the
disease (41).

Interestingly, mutations in other
members of the TGF-b superfamily that are
involved in BMPR signaling, such as ALK-1
(the type I receptor that signals in complex
with BMPR-II), lead to arteriovenous
malformations in several tissues, including
the liver, where hepatic arteriovenous
malformations can be found (26, 42, 43).
The increase in dilatation of the central
hepatic vein and hepatic sinusoids in
Bmpr21/2 mice provides a possible
explanation for the increased passage of
eggs from the liver to the lungs in these
mice. Furthermore, it has been reported
that hepatic sinusoids can dilate from 8 to

180 mm in response to locally increased
presinusoidal pressure (44).

Egg delivery to the lungs has previously
been reported in animals infected with
schistosomiasis (34, 45). It has been
suggested that portocaval collaterals open
as a consequence of an increase in portal
pressure, enabling eggs to access the
systemic circulation and therefore the lung.
However, the presence of collateral vessels
has not been actually demonstrated in
animal models or in humans infected with
schistosomiasis. Blood reaches the liver
via two routes: either the hepatic portal
vein, carrying blood from the splanchnic
circulation, or from the hepatic artery. The
hepatic artery runs alongside the portal vein
and biliary duct at the periphery of the liver
lobule. Arterial blood then flows through
the hepatic sinusoids, lined with fenestrated
endothelium, and drains into the central
hepatic vein, hepatic vein, and finally the
inferior vena cava. Warren and coworkers
(34) showed that after partial portal
vein ligation in a mouse model of
schistosomiasis, portal pressure increased
along with an increase in egg deposition in
the lungs concomitant with a decrease in
the number of eggs in the liver. In Bmpr21/2

mice we observed an increase in lung egg
deposition associated with a significant
dilatation of the central hepatic vein along
with dilated sinusoids.

One explanation is that the eggs may be
able to access the lungs through the opening
of extrahepatic portal shunts (46, 47). In the
fetus a proportion of blood bypasses the
liver and is diverted from the umbilical vein
via the ductus venous to the vena cava (47,
48). However, we observed an increase in
dilatation of the central hepatic vein with
a significant degree of inflammatory
infiltrates surrounding the vessel. This
suggests that the eggs may be getting
through to the inferior vena cava via the
hepatic central vein. Indeed, even in
noninfected mice we observed a small but
significant increase in dilatation of the
central hepatic vein in Bmpr21/2 mice.
However, this does not rule out the
possibility that extrahepatic collaterals can
also develop.

An alternative explanation for the
increase in eggs in the lungs of Bmpr21/2

mice might be that there is a defect in egg
clearance by the macrophages in these
mice. To explore this we performed a
macrophage phagocytosis assay. However,
the results suggest at baseline that there is
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Figure 9. Plots showing expression of downstream transforming growth factor-b1 signaling in the
lungs and livers of control and infected wild-type (WT) and Bmpr21/2 mice. (A) Lung plasminogen
activation inhibitor 1 (PAI1) and (B) lung connective tissue growth factor (CTGF) (WT Cont n = 8,
Bmpr21/2 Cont n = 8, WT infected n = 12, Bmpr21/2 infected n = 7), (C) liver PAI1 (WT Cont n = 5,
Bmpr21/2 Cont n = 5, WT infected n = 5, Bmpr21/2 infected n = 7), and (D) liver CTGF (WT Cont
n = 5, Bmpr21/2 Cont n = 5, WT infected n = 5, Bmpr21/2 infected n = 4). Data are presented as
mean6 SEM. *P, 0.05 compared with WT control, **P, 0.01 compared with WT control, #P, 0.05
compared with Bmpr21/2 control, ##P, 0.01 compared with Bmpr21/2 control. Bmpr2 = bone
morphogenetic protein type 2 receptor; Cont = control.
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no difference in the ability of macrophages
to phagocytose between the Bmpr21/2 and
WT mice (49).

We have previously shown that a
low-dose S. mansoni chronic infection for
17 weeks in WT mice leads to a profound
degree of pulmonary vascular remodeling
that correlates positively with egg burden
(5). We have also shown that there is a
negative correlation between medial wall
thickness and distance of the vessel from an
egg (5, 6). In addition, we have shown that
in WT mice at 17 weeks postinfection
that the degree of pulmonary vascular
remodeling is not enough to lead to PAH
(5). This has also been shown by others
(8). The explanation for this is that egg
shunting into the lungs is highly variable
and very heterogeneous. However, if the
infection is taken out to 25 weeks, where we
see a greater egg burden in the lungs, we do
see PAH and right ventricular hypertrophy
(5). For this particular study 17 weeks was
chosen because we questioned whether

Bmpr21/2 mice might be more susceptible
to schistosomiasis-induced pulmonary
vascular remodeling. If Bmpr21/2 mice
were more susceptible this would be more
evident at an earlier (17 wk) time point
rather than at later time points (e.g., 25 wk),
at which point WT mice develop severe
pulmonary vascular remodeling and
PAH (5).

A limitation of this study is that there is
no human evidence to suggest that BMPR2
expression levels are related to PAH severity
or presence in human forms of
schistosomiasis. However, it is known that
there are marked differences in the
susceptibility to PAH in patients infected
with schistosomiasis. The present study
provides an interesting and plausible
candidate for human genetic susceptibility
studies in PAH associated with
schistosomiasis. For example, genetic
variation at the BMPR2 locus leading to
reduced BMPR2 expression or function
might both increase susceptibility to

pulmonary vascular remodeling and
promote transhepatic passage of eggs to the
lung in these patients. This is worthy of
future study in at-risk populations.

In conclusion, we have shown that
Bmpr21/2 mice have an increased ability
for schistosomal eggs to gain access into
the lungs. As a consequence there is an
increased cytokine expression in the lungs
and a greater degree of pulmonary vascular
remodeling than seen in the WT mice. The
increase of eggs in the lungs of the mutant
mice does not seem to be caused by a defect
in the macrophage clearance of eggs from
the lungs, but seems to be caused by an
increased dilatation of the central vein and
hepatic sinusoids. This work has shown
that genetically determined differences in
the remodeling of hepatic veins may
represent a new risk factor for PAH
associated with schistosomiasis. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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