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The mechanisms underlying schistosomiasis-induced
pulmonary hypertension (PH), one of the most com-
mon causes of PH worldwide, remain unclear. We
sought to determine whether Schistosoma mansoni
causes experimental PH associated with pulmonary
vascular remodeling in an interleukin (IL)-13-depen-
dent manner. IL-13R�1 is the canonical IL-13 signal-
ing receptor, whereas IL-13R�2 is a competitive non-
signaling decoy receptor. Wild-type, IL-13R�1�/�,
and IL-13R�2�/� C57BL/6J mice were percutaneously
infected with S. mansoni cercariae, followed by i.v.
injection of eggs. We assessed PH with right ventric-
ular catheterization, histological evaluation of pulmo-
nary vascular remodeling, and detection of IL-13 and
transforming growth factor-� signaling. Infected mice
developed pulmonary peri-egg granulomas and arterial
remodeling involving predominantly the vascular me-
dia. In addition, gain-of-function IL-13R�2�/� mice had

exacerbated vascular remodeling and PH. Mice with loss of
IL-13R�1 function did not develop PH and had reduced
pulmonary vascular remodeling. Moreover, the expres-
sion of resistin-like molecule-�, a target of IL-13 signaling,
was increased in infected wild-type and IL-13R�2�/� but
not IL-13R�1�/� mice. Phosphorylated Smad2/3, a target
of transforming growth factor-� signaling, was in-
creased in both infected mice and humans with the
disease. Our data indicate that experimental schisto-
somiasis causes PH and potentially relies on up-regu-
lated IL-13 signaling. (Am J Pathol 2010, 177:1549–1561;

DOI: 10.2353/ajpath.2010.100063)

Pulmonary hypertension (PH) is a frequent and potentially
fatal sequel to several chronic lung, collagen vascular,
and liver diseases.1 Furthermore, pulmonary arterial hy-
pertension (PAH) occurs in a fraction of patients with HIV
infection, and idiopathic PAH has been linked to the
human herpesvirus type 8.2 The pathogenesis of PH
involves an imbalance of vascular cell proliferation vis-à-
vis cell death, driven by excessive growth factor stimu-
lation, including transforming growth factor (TGF)-� fam-
ily signaling,3 platelet derived growth factor,4 and more
recently, Notch receptor signaling.5 In idiopathic PAH,
dysregulation of TGF-� signaling is central to the patho-
biology of the disease, including mutations of bone mor-
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phogenetic protein receptor 2.6 Recent evidence has
linked the cellular events underlying pulmonary vascular
remodeling to hypoxia-like metabolic alterations, largely
driven by hypoxia-inducible factor-1� in both experimen-
tal models7 and in the human disease.8 Moreover, both
the human disease and experimental models have a
variable contribution by inflammatory cells, whose pre-
cise pathogenetic role has not been clarified thus far.

Schistosomiasis is one of the most common causes of
PAH, occurring in 2 to 5% of the over 200 million individ-
uals chronically infected worldwide.9 Schistosoma are
snail-borne trematodes that percutaneously infect indi-
viduals, transiently pass through the lungs, and migrate
to the portal venous system where they reproduce and
release eggs. Four to 8% of those chronically infected
develop hepatosplenic disease, in which the host immu-
nological response and disruption of portal hepatic blood
flow to the egg antigens leads to progressive liver fibrosis
and portal hypertension.10 Over time, the increased pres-
sure causes opening of portosystemic shunts, allowing the
passage of eggs to the pulmonary arterial circulation.11 The
pulmonary vascular pathology is associated with progres-
sive clinical PH and right heart failure. PH almost exclusively
occurs in those infected with the species Schistosoma man-
soni rather than the other endemic species Schistosoma
japonicum and Schistosoma hematobium.

There has been an intense effort to better understand
the pathogenesis of liver fibrosis due to schistosomiasis,
uncovering a type 2 helper T cell (Th-2) predominant
immunological response, highlighted by the involvement
of interleukin (IL)-4 and IL-13 as key mediators of granu-
loma size, and most importantly, of the fibrogenic re-
sponse with liver injury.12 More recently, Andrade has
noted that the portal fibrosis may arise from a destruction
of the portal vein, with occlusive lesions.10 Of note, ex-
perimental PH is also associated with early endothelial
cell apoptosis,6 which might lead to abnormal endothelial
proliferation, genetic instability, and occlusive lesions.13

Despite the focus on the immunological and hepatic
alterations caused by the parasite in humans and the
growing realization of the epidemiological importance of
schistosomiasis-associated PAH, little is known regard-
ing the pathogenesis of this complication related to the
parasite infection. In a subset of patients with the hepa-
tosplenic form of schistosomiasis, a concurrent pulmo-
nary arterial vasculopathy develops with medial and inti-
mal lesions, including plexiform lesions reminiscent of the
pathology of idiopathic PAH.14 This remodeling involves
an excessive number of smooth muscle cells in the intima
and media and proliferation of endothelial cells.14 Mice
chronically infected with schistosomes can develop pul-
monary peri-egg granulomas and pulmonary vascular
remodeling, but have not been previously demonstrated
to develop PH.15 The acute infection in mice causes
granulomas reliant on a Th-1 response, while chronic
infection transitions to a Th-2 response with increased
IL-13 and larger granulomas often with fibrosis.16,17 A
downstream product of the IL-4 and IL-13 signaling path-
ways, resistin-like molecule (RELM)-� (also called found
in inflammatory zone-1, hypoxia-induced mitogenic fac-

tor, and Retnla), was recently identified as an important
regulator of the host inflammatory response in both the
liver and the lungs, as mice lacking RELM-� have
larger granulomas.18 In multiple secondary forms of
severe PH, including connective tissue disease and
schistosomiasis-associated PH, inflammation likely un-
derlies the pathogenesis.19 Whereas Schistosoma
eggs are usually found within granulomas, their direct
role or connection with ensuing inflammation in the
pathogenesis of schistosomiasis-associated PH re-
mains unclear.

Although most of the experimental models of PH in-
volve challenge with chronic hypoxia or endothelial cell
toxicity with the alkaloid monocrotaline pyrrole, schisto-
somiasis-associated PH might involve the direct interplay
of inflammatory cells and cytokines with well-known
aforementioned signaling pathways that control pulmo-
nary vascular reactivity and/or remodeling. The interac-
tions between cell signaling induced by the peri-egg
granulomatous response and the altered cellular and
molecular framework underlying pulmonary vasculopa-
thy, including the role of altered TGF-� signaling and
imbalance between vascular cell death versus prolif-
eration, have not been studied. The mouse model of
schistosomiasis-induced PH offers a unique system to
interrogate the interplay of growth factors that control
pulmonary vascular cell function and Th-2 signaling.

In the present study, we postulated that schistosome
eggs and the ensuing Th-2 inflammatory response they
induce are key drivers in experimental PH caused by S.
mansoni. To address this hypothesis, we developed a
model system to test whether mice infected with S. man-
soni develop PH and pulmonary vascular remodeling;
furthermore, we interrogated the potential participation of
Th-2-dependent cytokines and growth factors that may
have led to the pulmonary vascular remodeling, including
RELM-� and TGF-�. We used wild-type C57Bl6/J and two
genetically modified mice: IL-13R�1�/�, lacking the ca-
nonical IL-13 receptor resulting in a loss-of-function of IL-13
signaling, and mice lacking the soluble and membrane-
bound “decoy” IL-13 receptor (IL-13R�2�/�), which results
in a gain-of-function for IL-13 signaling. We also analyzed
human pulmonary autopsy tissue from patients with schis-
tosomiasis-associated PH to compare signaling pathways
between the mouse model and human disease.

Materials and Methods

Animals

Breeding pairs of C57BL/6J IL-13R�1�/� mice (N10)
were provided by Regeneron Pharmaceuticals (Tarry-
town, NY), and C57BL/6J IL-13R�2�/� mice (N10) were
provided by Wyeth Research (Cambridge, MA). The phe-
notypes of these knockout models have been described
previously.17,20 The wild-type control mice were also of
the C57BL/6J background and were purchased from
Taconic. All mice were bred and housed under specific
pathogen-free conditions in an American Association for
the Accreditation of Laboratory Animal Care-approved
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facility. All experimental procedures in rodents were ap-
proved by the Animal Care and Use Committees at the
National Institutes of Health, Johns Hopkins University,
and the University of Colorado. All experiments were
performed in a coded format, with the investigators lack-
ing knowledge of the specific experimental group identi-
fiers before final data reporting.

Schistosomiasis Infection

S. mansoni cercariae and eggs were obtained from the
Biomedical Research Institute (Rockville, MD), and the
mice were percutaneously infected with cercariae and
intravenously challenged with S. mansoni eggs as de-
scribed previously.21 Briefly, percutaneous infection was
performed by placing the mouse tail in a vial containing
30 to 35 cercariae for 30 minutes. Fifty-five days later,
mice were challenged intravenously by injecting 5000
viable eggs suspended in 0.5 ml of sterile saline into the
tail vein. The intravenous challenge with eggs mimics the
deposition of eggs in the lung by collateral shunts, which
normally form in chronically infected mice.

Assessment of PH

Sixty-two days after cercarial infection and 7 days after
i.v. egg administration, measurement of the right ventric-
ular pressure was performed as described previously.22

Briefly, mice were anesthetized with isofluorane and ven-
tilated through a transtracheal catheter. Before cardiac
catheterization a right jugular catheter was placed and
0.2 ml of 5% albumin instilled. The abdominal and tho-
racic cavities were opened, and a four-electrode pres-
sure-volume catheter (Scisense model FTS-1212B-4518,
London, Ontario, Canada) was placed through the right
ventricle apex to transduce the pressure. The blood was
flushed out of the lungs, the right bronchus was sutured,
and 2% agarose instilled into the left lung through the
transtracheal catheter. The left lung was removed, forma-
lin-fixed, and processed for paraffin embedding. The
right lung was removed and frozen. The right ventricle
free wall was dissected off of the heart, weighed relative

to the septum and left ventricle, and then formalin-fixed
and paraffin-embedded.

Egg Burden Quantification

The number of S. mansoni eggs present in the mouse lung
tissue was determined as previously described.23 Briefly,
20 to 30 mg of frozen right lung tissue was digested in 4%
potassium hydroxide for 18 hours at 33°C, and the number
of eggs present in aliquots of the digest was counted.

Immunoblotting, Immunostaining, and Protein
Quantification

A sample of the right lung frozen tissue was macerated
and sonicated in PBS containing anti-proteases, and 20
�g of protein from each sample was used to detect
specific proteins by Western blot using the reagents
listed in the Table 1. Double-antibody sandwich enzyme-
linked immunosorbent assays were used to quantify cy-
tokine levels in the tissue lysates using the following kits:
IL-13 (M1300CB; R&D Systems, Minneapolis, MN),
TGF-�1 (MB100B; R&D Systems), and tumor necrosis
factor (TNF)-� (DY410; R&D Systems), and following the
manufacturer’s recommended protocols. Immunohisto-
chemistry, immunofluorescence, and terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling
staining was performed using the reagents listed in the
Table 2. Images were acquired with a Nikon Eclipse E800
microscope with filter wheels, a color charge-coupled
device camera (Nikon, Melville, NY) and a cooled black
and white charge-coupled device camera (Photometrics,
Tucson, AZ). Images selected for presentation and anal-
ysis were representative of the findings seen in each
model, and granulomas were selected with only a single
egg nidus visible.

Granuloma Volume Assessment

The granuloma volumes were measured using the rotator
sterologic method.24 Briefly, paraffin-embedded tissue

Table 1. Reagents for Immunoblots

Immunoblot Block Primary antibody* Secondary antibody Tertiary reagent

RELM-� StartingBlock 2 hours
at room temperature
(Thermo Scientific
37542)

1/50,000 Abcam 39626 Horseradish peroxidase-bound
goat anti-rabbit 1/5000 1
hour at room temperature
(Vector Laboratories PI-1000)

Enhanced chemiluminescence
detection 5 minutes at room
temperature (GE Healthcare,
RPN2106)

p-Smad2/3 1/2,000 Cell Signaling
Technology 3101

Smad2/3 1/2,000 Cell Signaling
Technology 3102

p-ERK1/2 1/2,000 Cell Signaling
Technology 9101

ERK1/2 1/2,000 Cell Signaling
Technology 9102

TGF-� 1/2,000 Cell Signaling
Technology 3711

�-Actin 1/20,000 Cell Signaling
Technology 4967
(also used 1/5,000 for
1 hour at room
temperature)

*All primary antibodies incubated overnight at 4°C unless otherwise stated.
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was stained with H&E, and 10 to 12 images of granulo-
mas were acquired for each sample. The rotator method
for object volume estimation was then applied using the
egg spine as the central reference point.

Media and Intima Thickness Assessment

Masked paraffin-embedded samples were immunofluo-
rescence stained for �-smooth muscle actin and throm-

Table 2. Reagents for Immunostains on Mouse Tissue

Immunostain Antigen retrieval Block Primary antibody Secondary antibody Tertiary reagent

Thrombomodulin
(CD141)

Citrate buffer 30 minutes
in steamer (Vector
H-3300)

10% Horse serum in
1/1 5% BSA:
Superblock
(ScyTek AAA5000)
1 hour at room
temperature

1/1000 1 hour at room
temperature (R&D
Systems AF3894)

1/200 AF594 Donkey
anti-goat (Invitrogen
A11058) 1 hour at
room temperature

None

Proliferating cell nuclear
Ag

Citrate buffer 30 minutes
in steamer (Vector
H-3300)

10% Horse serum in
1/1 5% BSA:
Superblock
(ScyTek AAA5000)
1 hour at room
temperature

1/50 1 hour at room
temperature (Santa
Cruz Biotechnology
7907)

1/200 AF488 Donkey
anti-Rabbit
(Invitrogen A21206)
1 hour at room
temperature

None

Macrophage-3 Borg buffer 30 minutes in
steamer (Biocare
BD1000G1)

10% Goat Serum in
1:1 5% BSA:
Superblock
(ScyTek AAA5000)
1 hour at room
temperature

1/50 1 hour at room
temperature (BD
Pharmingen 550292)

1/300 AF488 Goat anti-
Rat (Invitrogen
A11006) 1 hour at
room temperature

Pro-surfactant protein C
(Pro-SPC)

Citrate buffer 30 minutes
in steamer (Vector
Laboratories H-3300),
then avidin 10 minutes,
then Biotin 10 minutes

5% Horse Serum in
PBS 1 hour at
room temperature

1/200 1 Hour at room
temperature (Santa
Cruz Biotechnology
7705)

1/100 Biotinylated
donkey anti-Goat
(Abcam 6578) 1
hour at room
temperature

None

�-Smooth muscle actin Mouse on Mouse (MOM)
kit blocking solution
(Vector Laboratories
BMK-2202) 1 hour at
room temperature

1/100 30 minutes at
room temperature
(DakoCytomation
M0851)

MOM Biotinylated anti-
Mouse Reagent
(Vector Laboratories
BMK-2202) 10
minutes at room
temperature

Texas Red-Strepavidin
1/2000 (Invitrogen
S872)

None

Major basic protein Citrate buffer 30 minutes
in steamer (Vector
Laboratories H-3300),
then Pepsin 10
minutes at room
temperature (Invitrogen
00-3009), then avidin
10 minutes, then Biotin
10 minutes

1.5% Rabbit Serum
in PBS 1 hour at
room temperature

1/500 1 hour at room
temperature
(antibody courtesy of
Lee Lab, Mayo
Clinic)

1/100 Biotin-Bound
Rabbit anti-Rat
(DakoCytomation
E0468) 1 hour at
room temperature

Strepavidin-horseradish
peroxidase (Vector
Laboratories SA-
5704), then DAB 5
minutes, then
hematoxylin

CD45 Citrate buffer 30 minutes
in steamer (Vector
H-3300)

10% Horse Serum in
PBS 1 hour at
room temperature

1/400 1 Hour at room
temperature (R&D
Biosystems AF114)

1/200 AF594 Donkey
anti-Goat (Invitrogen
A11058) 1 hour at
room temperature or
1/200 AF488
Donkey anti-Goat
(Invitrogen A11055)
1 hour at room
temperature

None

RELM-� Citrate buffer 30 minutes
in steamer (Vector
H-3300)

5% Horse Serum in
PBS 1 hour at
room temperature

1/200 overnight at 4°C
(Abcam 39626)

1/100 AF488 Donkey
anti-Rabbit
(Invitrogen A21206)
1 hour at room
temperature

None

p-Smad2/3 Citrate buffer 30 minutes
in steamer (Vector
H-3300)

5% Horse Serum in
PBS 1 hour at
room temperature

1/100 overnight at
4degC (Cell
Signaling
Technology 3101)

1/100 AF488 Donkey
anti-Rabbit
(Invitrogen A21206)
1 hour at room
temperature

None

Lectin from Bandeiraea
Simplicifolia
(tetramethylrhodamine
isothiocyanate-bound)

Citrate buffer 30 minutes
in steamer (Vector
H-3300)

None 1/100 overnight at
4degC (Sigma-
Aldrich L5264)

None None

Terminal
deoxynucleotidyl
transferase dUTP
nick end labeling

DeadEnd Fluorometric TUNEL System (Promega G3250), per manufacturer’s protocol
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bomodulin as described above to identify the smooth
muscle cells and endothelial cells demarcating the media
and intima, respectively. Twelve to 15 images of vessels
at �40 magnification were randomly acquired from each
sample. Image processing software (Image Pro Plus ver-
sion 4.5.1; Media Cybernetics, Bethesda, MD) was used
to identify the cross-sectional areas contained by the
external perimeter of the media, the internal perimeter of
the media, and the internal perimeter of the intima. A
length:breadth ratio of less than 2 was required to ensure
tranverse sections through the vessels. The radius ri for
each of the three vessel layers i enclosing an area Ai was
then calculated using the equation ri � �Ai /�. The thick-
nesses of the media and intima were calculated as the
differences between the respective radii, and expressed
as a fraction of the external media radius.

Cardiac Myocyte Stereologic and Planimetric
Analysis

Formalin-fixed and paraffin-embedded histological sec-
tions of mouse right ventricle tissue were stained as
described above with tetramethylrhodamine isothiocya-
nate-labeled lectin from Bandeiraea simplicifolia to identify
vascular structures and 4�,6�-diamidino-2-phenylindole.
Twelve to 15 images at �40 magnification were randomly
captured of each sample. The component colors of the
images were individually thresholded (Metamorph ver-
sion 6.3; MDS Analytical Technologies, Sunnyvale, CA) to
demarcate structures of interest (vessels and nuclei, re-
spectively). Stereologic analysis was performed by pro-
jecting the thresholded images onto a grid of 216 points
and counting the number of points intersecting with each
tissue component.

Human Tissue Immunostaining

Immunohistochemistry and immunofluorescence staining
on formalin-fixed and paraffin embedded samples of lung
tissue obtained at autopsy from two patients who died of
schistosomiasis-associated PAH in Brazil was performed
using the reagents listed in the Table 3.

Statistics

Analysis of variance was used to compare multiple
groups (Kruskal-Wallis one-way analysis of variance on
ranks for nonnormally distributed data), and the posthoc
Tukey test (for normally distributed data) or the posthoc
pairwise multiple comparison by Dunn’s method (for non-
normally distributed data) was used to identify individual
statistical differences within the groups. Graphs are pre-
sented as mean � SE, and statistical significance was
taken as P � 0.05.

Results

Initially, we addressed whether PH can be experimentally
induced by infecting mice with S. mansoni to reproduce
the natural infection cycle in susceptible vertebrates, or
through infusion of eggs directly into the venous circula-
tion leading to embolization to the lungs. Although per-
cutaneous cercarial infection, the normal route of infec-
tion, causes extensive portal and prehepatic disease, it
leads to inconsistent shunting of eggs to the lungs. We
found that percutaneous infection with cercariae alone or
intravenous injection of schistosome eggs alone did not
cause an increase in right ventricular pressure, suggest-
ing each mode of infection appears incapable to incite
PH in the mouse,15 but both sequential cercarial infection
followed by intravenous egg challenge and i.p. sensitiza-
tion with eggs followed by intravenous egg challenge
resulted in an elevation in right ventricular pressure as
compared with uninfected and unchallenged mice (Sup-
plemental Figure 1, see http://ajp.amjpathol.org). We
chose to further investigate the sequential cercariae and
egg infection model as this disease process combines
the normal route of infection with a reproducible egg
burden in the lung.

Histological examination of wild-type, IL-13R�1�/�,
and IL-13R�2�/� left lungs revealed no significant pul-
monary vascular remodeling in uninfected and unchal-
lenged mice, while infected wild-type mice developed a
widespread arterial vasculopathy, often seen concur-
rently with a perivascular inflammatory cellular infiltrate
(Figure 1A), particularly of CD45� cells (Supplemental

Table 3. Reagents for Immunostains on Human Tissue

Immunostain Antigen retrieval Block Primary antibody Secondary antibody Tertiary reagent

p-Smad2/3 Citrate buffer 30 minutes in
steamer (Vector Laboratories
H-3300)

5% Horse serum in
PBS 1 hour at
room temperature

1/2000 overnight at 4°C
(Cell Signaling
Technology 3101)

1/100 AF488 Donkey
anti-Rabbit (Invitrogen
A21206) 1 hour at
room temperature

None

�-Smooth
muscle
actin

Citrate buffer 30 minutes in
steamer (Vector Laboratories
H-3300)

5% Goat serum in
PBS 1 hour at
room temperature

1/200 1 hour at room
temperature
(DakoCytomation
M0851)

1/100 AF594 Goat anti-
mouse (Invitrogen
A11005) 1 hour at
room temperature

None

CD31 Citrate buffer 30 minutes in
steamer (Vector Laboratories
H-3300)

1.5% Rabbit serum
in PBS 1 hour at
room temperature

1:500 1 hour at room
temperature (antibody
courtesy of Lee Lab,
Mayo Clinic)

1/100 Biotin-bound
rabbit anti-rat
(DakoCytomation
E0468) 1 hour at
room temperature

Strepavidin-horseradish
peroxidase (Vector
Laboratories SA-5704),
then DAB 5 minutes,
then hematoxylin
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Figure 2A, see http://ajp.amjpathol.org). Immunostaining
for �-smooth muscle actin and thrombomodulin high-
lighted marked pulmonary vascular remodeling involving
the media and intima of pulmonary arteries (Figure 1B),
whose endothelial lining remained one cell-thick, with no
evidence of cell clustering as seen in plexiform lesions in
humans. Quantification of the intimal and medial thick-
ness in cross sections of pulmonary arteries showed that
medial thickening accounted for the majority of the in-
crease in vessel wall thickness, which was suppressed in
mice lacking IL-13R�1�/� (although not statistically sig-
nificant compared with wild-type infected mice), while
infection of mice with IL-13 gain-of-function signaling due
to deletion of the IL-13R�2�/� led to a concurrent in-
crease in intimal thickness (Figure 1, C and E, Supple-
mental Tables 1 and 2, see http://ajp.amjpathol.org).
Quantification of the perivascular CD45� profile density
did not reveal any difference between the wild-type and
IL-13 modulated mice (Supplemental Figure 2B, see
http://ajp.amjpathol.org).

Right ventricular catheterization of a subset of mice,
including control uninfected wild-type mice, revealed a
1.5-fold (43 versus 28 mmHg) increase in right ventricle
maximum pressure in mice infected with S. mansoni, par-
ticularly in the IL-13R�2�/� group when compared with
the IL-13R�1�/� and wild-type mice (Figure 1D, Supple-
mental Table 3, see http://ajp.amjpathol.org). The magni-
tude of the rise in right ventricular pressures (indicative of
pulmonary arterial pressures) is comparable to other
mouse models of PAH (see Supplemental Table 4, see
http://ajp.amjpathol.org).5,25–37 On average, the knockout
groups of mice that developed more pronounced medial
hypertrophy had concordantly greater right ventricular
pressure; the correlation was however weaker when an-
alyzed for individual animals (P � 0.11; Supplemental
Figure 3, see http://ajp.amjpathol.org). The right ventricu-
lar free-wall mass relative to the mass of the left ventricle
(LV) and septum was increased in the IL-13R�2�/� infected
group alone (Figure 2, Supplemental Table S5, see http://
ajp. amjpathol.org), likely a result of remodeling due to the

Figure 1. Vascular remodeling and PH after S.
mansoni infection. A: Arterial remodeling was
observed by H&E staining, as was a perivascular
inflammatory cell infiltrate (arrowheads; Scale
bars: 50 �m). B: With S. mansoni infection,
thickening of the medial (representative images
of wild-type (WT), IL-13R�1�/�, and IL-
13R�2�/� mouse lungs) and intimal (seen pre-
dominantly in IL-13R�2�/� mouse lungs) layers
was observed based on immunofluorescence for
�-smooth muscle actin (SMA), identifying vascu-
lar media, and thrombomodulin (TM), identify-
ing vascular intima (Scale bars: 50 �m). C: Quan-
tification of vascular remodeling confirmed
increased media thickness in the wild-type and
IL-13R�2�/� infected mice (three to five animals
per group; analysis of variance, P � 0.001 for
media comparison; for full posthoc analysis re-
sults see Supplemental Table 1 at http://ajp.am-
jpathol.org). D: Right ventricular catheterization
demonstrated increased pressure in the infected
groups (four to five animals per group; P �
0.018 by Kruskal-Wallis one-way analysis of vari-
ance on ranks, *P � 0.005 by posthoc pairwise
multiple comparison by Dunn’s method; for full
posthoc analysis results see Supplemental Table
3 at http://ajp.amjpathol.org) E: Quantification
of intima thickness demonstrated an increase only
in the IL-13R�2�/� infected mice (three to five
animals per group; analysis of variance P � 0.003;
*P � 0.05, **P � 0.01, ***P � 0.005, ****P � 0.001
by posthoc Tukey test for both media and intima
analysis; for full posthoc analysis results see Sup-
plemental Table 2 at http://ajp.amjpathol.org).
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more severe PH. Stereologic analysis of right ventricular
blood vessel and nuclear density did not reveal significant
differences between any of the infected groups (Supple-
mental Figure 4, see http://ajp.amjpathol.org).

The aforementioned differences in right ventricular
pressures and pulmonary vascular remodeling among
the groups of mice infected with schistosomiasis were
probably not related to infection load or volumes of gran-
ulomas as the combination of cercariae and egg expo-
sure resulted in a similar egg burden in the lungs of all
infected wild-type and knockout for IL-13R�1 and �2
mice (Figure 3A). Moreover, there was no correlation
between egg burden and right ventricular pressure (P �
0.70; Supplemental Figure 5, see http://ajp.amjpathol.
org). The volumes of the intraparenchymal peri-egg in-
flammatory granulomas did not differ among the different
knockout mouse strains (Figure 3B), consistent with prior
studies demonstrating similar schistosomiasis-induced
granuloma volumes in the livers of mice lacking IL-13R�1
as compared with wild-type mice,17 and in mice lacking
IL-13R�2 as compared with wild-type mice up to 8 weeks
after infection.16

Our data indicate that the enhanced lung inflammatory
response triggered by challenge with eggs in the setting
of the natural infection correlates with the development of
experimental schistosomiasis-associated PH. Immuno-
staining revealed a heterogeneous population of cells
within the granulomas, which might have contributed to
the signaling cascade resulting in diffuse pulmonary vas-
culopathy (Figure 4). These cells included macrophages,
eosinophils, and cells containing smooth muscle actin,
which may represent either myofibroblasts and/or differ-
entiated smooth muscle cells. The cells within the gran-
ulomas were undergoing significant proliferation in ag-
gregate, with little evidence of apoptosis (Supplemental
Figure 6A, see http://ajp.amjpathol.org), at least at the
time point at which PH was documented (ie, 62 days after
cercarial infection and 7 days after i.v. egg administra-
tion). The inflammatory cellular components of the gran-
ulomas were overall similar in the wild-type, IL-13R�1�/�,
and IL-13R�2�/� mice, with no significant differences in
leukocyte (Supplemental Figure 6, see http://ajp.amjpathol.
org) or macrophage density (Supplemental Figure 7, see
http://ajp.amjpathol.org).

The increase in pulmonary pressures and pulmonary
vascular remodeling observed in mice with enhanced
IL-13 signaling might have involved increased expres-
sion of Th-2-dependent growth factors. The up-regulation
of IL-13 expression in infected mice was confirmed with
whole lung enzyme-linked immunosorbent assay (Sup-
plemental Figure 8A, see http://ajp.amjpathol.org), with
increased levels in wild-type, IL-13R�1�/�, and IL-
13R�2�/� mice, and without significant differences within
the pre- or postinfection groups (wild-type, IL-13R�1�/�,
and IL-13R�2�/� mice).

Recent evidence has identified the FIZZ family of me-
diators as significant regulators of liver fibrosis and pul-
monary inflammation due to experimental schistosomia-
sis18 as well as in hypoxia-induced PH.38 Immunostaining
for RELM-�, a downstream target of IL-4 and IL-13, dem-
onstrated significant expression around the granulomas
but not the blood vessels of infected mice (Figure 5A).

Figure 2. Right ventricular hypertrophy occurred in response to PH. Right
ventricular mass relative to septum and left ventricular mass was in-
creased in the infected IL-13R�2�/� group (three to five animals per
group; analysis of variance, P � 0.004; *P � 0.05, **P � 0.01 by posthoc
Tukey test; for full posthoc analysis results, see Supplemental Table 5 at
http://ajp.amjpathol.org).

Figure 3. Similar egg burden and granuloma volumes after S. mansoni infection. A: Mean egg burden for each model after cercarial and egg infection as
determined by KOH digest (five animals per group; P � 0.39 by analysis of variance). B: Intraparenchymal peri-egg granulomas were present in the infected mice
(representative H&E stained lungs; left panel; Scale bar: 100 �m). The granuloma volumes were similar in all genetic models as determined by the rotator method
(five animals per group; P � 0.85 by analysis of variance).
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Lungs of IL-13R�1 knockout mice showed suppressed
RELM-� expression, which was confirmed by immuno-
blotting (Figure 5B). These data correlate with suscepti-
bility to schistosomiasis-associated PH and vascular re-
modeling as compared with the uninfected mice or
infected IL-13R�1�/� mice. Surprisingly, the expression
level of RELM-� was lower in the infected IL-13R�2�/�

mice compared with wild-type infected mice by densito-
metric analysis of western blots. This finding suggests
that IL-13/RELM-� may interface with other pathways
involved in pulmonary vascular remodeling.

Serum TNF-� levels are elevated in patients with S.
mansoni infection39 and correlate with more severe dis-
ease.40 Furthermore, TNF-� overexpression is associ-
ated with PH,41 although TNF-� blockade may not sup-
press experimental PH.42 Measurement of TNF-� in
whole lung lysates in S. mansoni infected and uninfected
wild-type, IL-13R�1�/�, and IL-13R�2�/� mice revealed
an increased level in only the wild-type infected mice
compared with all other groups (Supplemental Figure 8C,
see http://ajp.amjpathol.org). We furthermore investigated
p44/42 mitogen-activated protein kinase (MAPK) (extra-

cellular signal-regulated kinase 1/2), downstream targets
of TNF-�.43 Activity of p44/42 MAPK levels was increased
in IL-13R�1�/� and IL-13R�2�/� mice compared with
wild-type mice, but no significant changes were detected
with schistosomiasis infection (Supplemental Figure 9,
see http://ajp.amjpathol.org).

Altered TGF-� signaling has also been linked to the
vascular pathology of PH,44 with evidence that PH
smooth muscle cells proliferate with TGF-�45 and expres-
sion of phosphorylated Smad2/3 (p-Smad2/3; the active
form) are increased in remodeled pulmonary arteries.3

Lungs of schistosomiasis-infected mice showed a signif-
icantly increased expression of p-Smad2/3 present in
both granulomas and pulmonary arteries in the infected
animals (Figure 5C). Immunoblots of phosphorylated and
total Smad2/3 showed up-regulation of both phosphory-
lated and total Smad2 (little Smad3 signal was seen) in
the infected mice, with the highest signal in IL-13R�2�/�

infected lungs (Figure 5D). The band representing ex-
pression of Smad2 was confirmed by a parallel Western
blot analysis (Supplemental Figure 10, see http://ajp.
amjpathol.org). The absolute levels of TGF-� were not

Figure 4. Vascular and inflammatory cell composition and evidence of cell proliferation in pulmonary peri-egg granulomas in infected mice. Granulomas in
wild-type (upper panels), IL-13R�1�/� (middle panels), and IL-13R�2�/� (lower panels) infected mice are composed of smooth muscle cells or
myofibroblasts (�SM-actin, �-smooth muscle actin), macrophages (MAC-3) and eosinophils (MBP, major basic protein). Considerable proliferation was also
detected (PCNA, proliferating cell nuclear antigen) (Scale bars: 100 �m).
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Figure 5. RELM-� and p-Smad2 are up-regulated in response to S. mansoni infection. A: RELM-�, a downstream target of IL-4 and IL-13 signaling, was expressed
in pulmonary peri-egg granulomas in infected mice, but suppressed in the absence of IL-13R�1, as demonstrated by immunostaining (arrowheads mark positive
cells) and immunoblot (B; densitometry: five animals per group). There was no evidence of pulmonary intravascular RELM-� expression (representative vessel
from wild-type infected animal shown). (The full Western blot is shown in Supplemental Figure 13, see http://ajp.amjpathol.org). C: p-Smad2/3 activity, a
downstream target of TGF-� signaling, is increased in both granulomas and vessels with S. mansoni infection (arrowheads mark positive cells), and quantified
by immunoblot normalized by total SMAD2 (D; densitometry: three to five animals per group; P � 0.44 by analysis of variance). Only bands for Smad2 (61 kDa)
were seen (Scale bars are 50 �m.).
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altered in infected mice as assessed by Western blot
(for both the precursor of TGF-� and TGF-� monomers)
and whole-lung enzyme-linked immunosorbent assay
(for TGF-�; Supplemental Figure 8A, see at http://ajp.
amjpathol.org).

We then sought to determine whether the findings of
altered vascular TGF-� signaling in our animal model
might extend to humans by looking for evidence of
p-Smad2/3 up-regulation in human tissue, using speci-
mens obtained at autopsy from two patients who died of
schistosomiasis-associated PH in Brazil. Costaining the

pulmonary tissue for p-Smad2/3 and �-smooth muscle
actin revealed significant p-Smad2/3 activity in the
smooth muscle cells of vessels with thickened media
(Figure 6A), and co-staining for p-Smad2/3 and CD31
revealed significant p-Smad2/3 activity in vascular chan-
nels within the plexiform lesions (Figure 6B). Significant
p-Smad2/3 signal was absent in the media of vessels
from a human control specimen (an unsuccessful lung
donor, with no known pulmonary pathology), although
there was p-Smad2/3 activity in the normal pulmonary
parenchyma (Supplemental Figure 11, see http://ajp.

Figure 6. p-Smad2/3 signaling is present in vascular lesions of patients who died of schistosomiasis-associated PAH. Tissue from two patients was immunostained.
A: Costaining for �-smooth muscle actin (�SM-actin) and p-Smad2/3 reveals nuclear activity in the media of vessels with thickened media (arrowheads mark
representative positive cells). B: Costaining for CD31 and p-Smad2/3 reveals nuclear activity in many cells present within plexiform lesions (arrowheads mark
representative positive cells) (Scale bars: 50 �m.)
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amjpathol.org). These results are consistent with our prior
observations of idiopathic PAH lungs using p-Smad2
alone.3 Specificity of the p-Smad2/3 antibody used was
confirmed by positive signal in wild-type mouse cartilage
(positive control) and absent signal in K5CrePR.Smad2
fl/fl.Smad3�/� mouse dermis (negative control; Supple-
mental Figure 12, see http://ajp.amjpathol.org).

Discussion

Our study presents evidence of experimental pulmonary
arterial remodeling and PH in mice infected by Schisto-
soma mansoni. Our results indicated that the combination
of percutaneous cercariae infection and augmentation by
i.v. egg injection is required for the development of vas-
cular remodeling and PH, which was significant in mice
with concurrent up-regulation in IL-13 signaling from de-
letion of IL-13R�2.

Disease progression in human schistosomiasis infec-
tion includes portal hypertension and porto-systemic
shunting, which may be a prerequisite for the develop-
ment of PH. Furthermore, chronic hepatitis and liver cir-
rhosis have also been linked to severe PAH. However,
our finding that i.p. sensitization before intravenous egg
administration also caused PH highlighted the potential
requirement of a more robust pulmonary perivascular
inflammatory response and inflammatory cell infiltrate
rather than the need for hepatic disease. Injection of a
similar quantity of intravenous eggs alone did not cause
right ventricular hypertension, suggesting that embolic
disease alone does not cause experimental PH. More-
over, percutaneous infection with cercariae but without
egg augmentation does not result in PH, which was also
reported by a recent study,15 and further strengthens the
hypothesis that hepatic fibrotic disease does not suffice
to cause PH. Mice with only cercarial infection do have
some degree of egg shunting to the lungs, but the burden
is quite heterogeneous in acute infection and may not be
adequate to cause extensive pulmonary disease result-
ing in physiological change.

Similar to prior publications centered on the liver dis-
ease and pulmonary inflammation,15 we found evidence
suggesting IL-13 signaling is an important mediator of the
granulomatous and vascular response to schistosomiasis
infection. Up-regulation of signaling in the IL-13 pathway
occurred in the wild-type infected mice, specifically as-
sociated with RELM-� expression. In a distinct mouse
model of Th-2-driven inflammation, inhaled aspergillus
also resulted in RELM-� up-regulation and vascular re-
modeling with no evidence of chronic PH, yet mild
increases in right ventricular pressures were revealed
only when sensitized lungs were challenged with acute
hypoxia.25

Our finding of PH in S. mansoni-infected mice lacking
IL-13Ra2 suggests that enhanced IL-13 signaling is suf-
ficient to cause PH in this model. This up-regulation oc-
curred in the absence of a significant increase in total
lung IL-13 levels as compared with wild-type mice with a
less pronounced phenotype. Prior studies of schistoso-
miasis inflammation in the liver have demonstrated the

exacerbated response in IL-13R�2�/� mice is due to
increased signaling mediated by IL-13R�1, as treating
the mice with soluble IL-13R�2-Fc to block the effects of
IL-13 results in reversal of the phenotype.46

We also detected an increase in RELM-� signaling in
schistosomiasis-infected mice, which might contribute
to the vascular response in this model of PH. Previous
studies have found RELM-� to be necessary for PH in
the rat chronic hypoxia model and, when overexpressed,
RELM-� increases pulmonary artery pressures in otherwise
healthy rats in the absence of hypoxia.38 However, the
increased PH phenotype in IL-13R�2�/� mice was not as-
sociated with a further increase in RELM-�, suggesting
interactions between IL-13/RELM-� and other pathways
contributory to pulmonary vascular remodeling.

Here, we found suppression of IL-13 signaling by
knocking out IL-13R�1 resulted in less vascular remod-
eling and PH (although not statistically significant), asso-
ciated with near-complete suppression of RELM-� sig-
naling. This observation suggests that IL-13 signaling
may be necessary for vascular remodeling after S. man-
soni infection. However, demonstration of this hypothesis
would likely require either knocking out IL-13 or suppres-
sion of IL-13 with a small molecule inhibitor or biologicals
in vivo.

The observations of pulmonary vascular remodeling in
wild-type, IL-13R�1�/�, and IL-13R�2�/� models pro-
vides complementary insights into the role of IL-13 sig-
naling in this experimental model of PH. The finding of
similar size and composition of the inflammatory peri-ova
granulomas, peri-vascular inflammation, and vascular re-
modeling in our IL-13R�1�/� and wild-type mice sug-
gests IL-13 may not be required for pulmonary vascular
remodeling, although a prior study blocking IL-13 dem-
onstrated smaller granulomas.47 Non-IL-13-dependent
mechanisms, such as TGF-� or IL-4, may contribute to
the pulmonary vascular remodeling process. We have
found evidence of TGF-� signaling up-regulation in both
the mouse and human lungs, and blocking TGF-� is
protective against experimental monocrotaline-induced
PH.6 Schistosoma-infected IL-13R�1�/� mice as com-
pared with wild-type mice have an increase in CD4� T
cells producing IL-4,17 and IL-13 blockade in IL-4-defi-
cient mice resulted in near-complete abrogation of gran-
uloma formation.47 Furthermore, the enhanced pulmo-
nary vascular remodeling phenotype in S. mansoni
infected IL-13R�2�/� mice could be due to a) increased
IL-13 signaling or b) alteration of non-IL-13 cellular sig-
naling caused by the lack of this receptor.48 Clarification
of the roles of IL-13 versus non-IL-13 signaling are pres-
ently being addressed by approaches to directly block
IL-13 in IL-13R�2�/� mice, experiments which are cur-
rently ongoing.

We also investigated the potential roles of TNF-� and
p42/44 MAPK in our model of experimental PH and found
TNF-� to be elevated in wild-type infected mice only.
Given the absence of a clear correlation between TNF-�
and severity of vascular remodeling and PH, the signifi-
cance of TNF-� signaling in this experimental model of S.
mansoni associated PH is unclear and may not be di-
rectly contributory. We also observed elevations in
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p42/44 MAPK in IL-13R�1�/� and IL-13R�2�/� mice
compared with wild-type mice, independent of S. man-
soni infection, and thus the contribution of p42/44 MAPK
to PH in this model is unclear. Indeed, prior studies have
shown increased expression of p42/44 MAPK in rats
exposed to chronic hypoxia,49 but which may not be
necessary for the hypertensive response.50

Abnormal TGF-� family signaling has been linked to
human and experimental PAH.3,6 We found up-regulation
of the TGF-� signaling pathway manifest by increased
Smad2/3 phosphorylation in areas of vascular remodel-
ing in both the mouse model and human tissue from
subjects who died from schistosomiasis-associated PH.
The absence of an increase in total TGF-� levels despite
an increase in downstream signaling is similar to prior
findings in experimental chronic hypoxia-induced PH.51

The contribution of TGF-� signaling in schistosomiasis-
induced PH may be in conjunction with IL-13 signaling,
as IL-13 has previously been shown to stimulate and
activate TGF-�.52 Although TGF-� expression is also up-
regulated in the murine liver after schistosomiasis infec-
tion, neutralizing TGF-� activity by treating mice with an
antagonistic antibody to TGF-� failed to modulate the
anti-egg granulomatous response.53 Potential differ-
ences between the hepatic fibrotic response and pulmo-
nary vascular remodeling may be elucidated by future
targeting of TGF-� in this PH model.

In summary, infecting mice with S. mansoni cercariae
percutaneously and then augmenting the pulmonary dis-
ease by intravenous egg administration resulted in pul-
monary arterial vascular remodeling and PH, particularly
in mice lacking the competitive “decoy” IL-13 receptor,
IL-13R�2. Up-regulation of IL-13 and RELM-�, a target
of IL-13 signaling, in infected mice also supports the role
of IL-13 in the pathogenesis of schistosomiasis-associ-
ated PH. The parallel histology, physiology, and cytokine
signaling in both the mouse and human disease high-
lights the potential relevance of the animal model as an
experimental platform for future studies of schistosomia-
sis-induced PH.
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