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Abstract

Rationale: The etiology of schistosomiasis-associated
pulmonary arterial hypertension (PAH), a major cause of PAH
worldwide, is poorly understood. Schistosoma mansoni exposure
results in prototypical type-2 inflammation. Furthermore,
transforming growth factor (TGF)-b signaling is required for
experimental pulmonary hypertension (PH) caused by
Schistosoma exposure.

Objectives:We hypothesized type-2 inflammation driven by IL-4
and IL-13 is necessary for Schistosoma-induced TGF-b–dependent
vascular remodeling.

Methods:Wild-type, IL-42/2, IL-132/2, and IL-42/2IL-132/2

mice (C57BL6/J background) were intraperitoneally sensitized and
intravenously challenged with S. mansoni eggs to induce
experimental PH. Right ventricular catheterization was then
performed, followed by quantitative analysis of the lung tissue.
Lung tissue from patients with schistosomiasis-associated and
connective tissue disease–associated PAHwas also systematically
analyzed.

Measurements and Main Results:Mice with experimental
Schistosoma-induced PH had evidence of increased IL-4 and IL-13
signaling. IL-42/2IL-132/2 mice, but not single knockout IL-42/2

or IL-132/2 mice, were protected from Schistosoma-induced PH,
with decreased right ventricular pressures, pulmonary vascular
remodeling, and right ventricular hypertrophy. IL-42/2IL-132/2

mice had less pulmonary vascular phospho–signal transducer and
activator of transcription 6 (STAT6) and phospho-Smad2/3 activity,
potentially caused by decreased TGF-b activation by macrophages.
In vivo treatment with a STAT6 inhibitor and IL-42/2IL-132/2 bone
marrow transplantation also protected against Schistosoma-PH. Lung
tissue from patients with schistosomiasis-associated and connective
tissue disease–associated PAH had evidence of type-2 inflammation.

Conclusions: Combined IL-4 and IL-13 deficiency is required for
protection against TGF-b–induced pulmonary vascular disease after
Schistosoma exposure, and targeted inhibition of this pathway
is a potential novel therapeutic approach for patients with
schistosomiasis-associated PAH.
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Schistosomiasis-associated vascular
remodeling is a leading cause of pulmonary
arterial hypertension (PAH) worldwide, with
significant morbidity and mortality (1).
Schistosomiasis-associated PAH shares
pathologic features with other forms of
PAH, such as idiopathic PAH and
connective tissue disease (CTD)-associated
PAH, including remodeling of vascular
media and intima resulting in right
ventricular (RV) failure (2). The initial
response to Schistosoma is type-1
inflammation induced by worm antigens,
marked by production of proinflammatory
cytokines including IL-1, IL-12, interferon-g,
and tumor necrosis factor-a in the plasma

and infected tissue (3). Chronic schistosomal
infection, like that of other helminths, drives
a strong type-2 inflammation, thought to be
largely mediated by a CD41 T helper 2
(Th2) response, while suppressing the type-1
response. This Th2 response, triggered by
egg-derived antigens, includes cytokines
IL-4, IL-5, IL-10, and IL-13, resulting
in fibrosis and granulomas containing
lymphocytes, fibrocytes, and
macrophages (4).

Among the Schistosoma-triggered
type-2 cytokines, IL-4 and IL-13 play
critical roles in activation of signaling
pathways within cells that regulate cascades
of immunologic response (5). Both IL-4
and IL-13 bind heterodimeric receptors
including the IL-4Ra subunit, generating
common downstream signaling via
phosphorylation of signal transducer and
activator of transcription factor 6 (STAT6).
This signaling may then regulate
downstream targets involved in
inflammation, fibrosis, and vascular
remodeling (6, 7). Mice experimentally
exposed to Schistosoma can develop
pulmonary hypertension (PH),
recapitulating key features of human
disease including increased RV pressure,
pulmonary vascular remodeling, and
RV hypertrophy (8–10). Our recent
studies focused on the role of increased
intrapulmonary transforming growth factor
(TGF)-b1 after Schistosoma exposure:
blockade of TGF-b signaling prevented the
development of experimental Schistosoma-
induced PH (11). In line with the
downstream proremodeling effect of TGF-b,
its signaling blockade suppressed IL-4 and
IL-13 signaling, indicating a positive
feedback loop between TGF-b and IL-4/
IL-13 in disease propagation (11). However,
these studies did not clarify the proximal
functional activity of IL-4 and/or IL-13, and
how they impact downstream signaling,
such as STAT6; moreover, they did not
address potential discrete roles of IL-4 and
IL-13, identify cells producing or receiving
the IL-4 and IL-13 signals, or address
mechanisms by which IL-4 and IL-13
lead to TGF-b signaling.

We hypothesized herein that
interactions between IL-4, IL-13, and TGF-b
signaling are causative of Schistosoma-
induced PH, and specifically that IL-4 and/
or IL-13 deficiency may protect against
TGF-b–induced vascular disease. We found
that, unlike schistosomal liver disease (12),
Schistosoma-induced PH requires both IL-4

and IL-13, which act proximally and
via STAT6 to drive TGF-b signaling
and pulmonary vascular remodeling in
Schistosoma-induced PH. We also observed
evidence of IL-4/IL-13 signaling in
pulmonary tissue from individuals who
died of schistosomiasis-associated PAH,
underscoring the potential clinical
relevance. Some of these data have been
published in abstracts (13, 14).

Methods

Animals
Wild-type (C57BL6/J) mice were purchased
(Taconic, Hudson, NY). IL-4GFP mice
(C57BL6/J background) were kindly
provided by Dr. Hua Huang (National
Jewish Health, Denver, CO) and originally
from Dr. William Paul (15). IL-4GFP mice
contain GFP in place of the IL-4 transcript;
we therefore used IL-4GFP/1 mice for flow
studies and IL-4GFP/GFP mice as knockout
mice in phenotype assessment studies.
IL-13YFP mice (Balb/C background) were
purchased (Jackson Laboratory, Bar Harbor,
ME). IL-132/2 mice (C57BL6/J background)
were kindly provided by Dr. Erwin Gelfand
(National Jewish Health) (16). IL-42/2IL-
132/2 mice (C57BL6/J background) were
kindly provided by Dr. Thomas Wynn
(National Institute of Allergy and Infectious
Diseases/National Institutes of Health).
IL-13Ra22/2 mice (C57BL6/J background)
were kindly provided by Wyeth/Pfizer (New
York, NY). All experimental procedures in
rodents were approved by the Animal Care
and Use Committee at the University of
Colorado Denver. Additional details are
provided in the online supplement.

Schistosomiasis Exposure, Bone
Marrow Transplantation, and
Treatments
Schistosoma mansoni eggs were obtained
from infected mice provided by the
Biomedical Research Institute. Experimental
mice were intraperitoneally sensitized to
240 Schistosoma eggs per gram, and
intravenously challenged 2 weeks later with
175 eggs per gram; control mice were
unexposed. For bone marrow (BM)
transplantation, recipient mice received
10 Gy radiation followed by 1.53 106 BM
cells, and trimethoprim-sulfadiazine chow
for 4 weeks. Mice were treated with
the STAT6 pharmacologic inhibitor
AS1517499 or vehicle (Axon-Medchem,

At a Glance Commentary

Scientific Knowledge on the
Subject: Inflammation is likely a key
driver in the pathogenesis of many
forms of pulmonary arterial
hypertension, but specific mechanisms
by which inflammation results in
vascular disease are unknown.
Schistosomiasis is a major cause of
pulmonary arterial hypertension
worldwide and may be paradigmatic of
inflammation driving vascular disease.
We and others have previously
observed that transforming growth
factor-b signaling is required for
multiple forms of experimental
pulmonary hypertension, including
because of chronic hypoxia and
Schistosoma exposure.

What This Study Adds to the
Field: We found evidence of type-2
inflammation (IL-4 and IL-13) in mice
with experimentally induced
pulmonary hypertension via
Schistosoma exposure, and deficiency
of both IL-4 and IL-13, or treatment
with a signal transducer and activator
of transcription factor 6 inhibitor,
prevented the transforming growth
factor-b–induced pulmonary
hypertension. We also found evidence
of type-2 inflammation in the lungs of
patients who died of schistosomiasis-
associated pulmonary arterial
hypertension and in explanted lung
tissue from patients with connective
tissue disease–associated pulmonary
arterial hypertension.
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Groningen, the Netherlands), and soluble
IL-13Ra2 receptor or control peptide
(sIL-13Ra2-Fc; Pfizer). Additional details
are provided in the online supplement.

PH and Hypertrophy Measurement
Measurement of RV pressure and
hypertrophy was performed as previously
described using a 1F pressure-volume
catheter and measurement of the RV mass
(Millar PVR-1035; Millar Instruments,
Houston, TX) (8, 11); additional details are
provided in the online supplement.

Mouse Protein, RNA, and Flow
Cytometry Assessment
Immunostaining was performed on mouse
lung tissue, whole-lung lysate protein was
quantified by ELISA, and flow cytometry was
performed on digested lung tissue using the
reagents in Tables E1–E3 in the online
supplement. Messenger RNA (mRNA)
was quantified using a HiSeq 2000
RNA sequencing (RNA-seq) system
(Illumina, San Diego, CA), as previously
described; the data are deposited in National
Center for Biotechnology Information’s GEO
dataset GSE49116 (10). Additional details are
provided in the online supplement.

Human Tissue Immunostaining
Immunohistochemistry staining was
performed on formalin-fixed paraffin-
embedded samples using the reagents in
Table E4 on three types of lung tissue:

1. Schistosoma-PAH: obtained at autopsy
from patients who died of
schistosomiasis-associated PAH in
Brazil.

2. Scleroderma-associated PAH: obtained
at the time of explantation by the
Pulmonary Hypertension Breakthrough
Initiative.

3. Control/failed lung donor: from the
Pulmonary Hypertension Breakthrough
Initiative.
All human studies were approved by

the Colorado Multiple Institutional Review
Board and the University of Sao Paulo
Ethics Commission.

Image Analysis and Egg Burden
Quantification
Mouse lung media and intima thickness was
quantified using image processing software
(8, 11). Granuloma volumes were estimated
using optical rotator stereology (17).
Schistosoma egg density in mouse lung
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Figure 1. Schistosoma-exposed mouse tissue demonstrates evidence of Th2 signaling. (A)
Whole-lung quantity of IL-4 and IL-13 messenger RNA (mRNA) transcripts (n = 5 samples per group;
RPKM; mean6 SD; t test, *P, 0.05; ***P, 0.005). (B) IL-4 and IL-13 whole-lung ELISA (mean6
SD; n = 4 samples per group; t test, *P, 0.05). (C) Immunostaining for IL-4, IL-13, phospho–signal
transducer and activator of transcription factor 6 (STAT6) and periostin in Schistosoma-exposed
and unexposed mouse lung tissue (asterisks, vessel lumens; arrows, representative positive stained
cells; scale bars, 50 mm). (D) Flow cytometry analysis of GFP1 cells from intraperitoneal and
intravenous (IP/IV) egg–exposed IL-4GFP mice for CD31 and CD41 cells. (E) Percentage of
CD31CD41 and CD31CD81 cells in IP/IV egg–exposed mice positive for IL-4GFP (flow studies
repeated at least three times). (F and G) Qualitative (F) and quantitative (G) colocalization of IL-4 and
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tissue was determined using potassium
hydroxide digestion (18). Additional details
are provided in the online supplement.

Statistical Analysis
Statistical analyses were performed using
ProStat (Poly Software, Pearl River, NY).
Differences between two groups were assessed
with Student’s t test and three or more groups
with analysis of variance; P less than 0.05 was
considered statistically significant.

Results

Evidence of Type-2 Inflammation in
Murine Schistosomiasis-Induced
Pulmonary Vascular Disease
We have developed a robust and reproducible
mouse model of Schistosoma-induced PH
using intraperitoneal sensitization followed by
intravenous challenge with S. mansoni eggs
(8, 10, 11, 19). This model bypasses
potentially confounding effects of liver disease
and abbreviates the development of PH to 21
days. Overall, the pulmonary pathobiology
reproduces several of the key features
observed after 4 months following the natural
course of infection (8). Whole-lung RNA
quantification by RNA-seq revealed
significantly higher mRNA transcript
quantity of IL-4 and IL-13 in wild-type
Schistosoma-exposed mice compared with
unexposed mice (Figure 1A). Quantitative
analysis of whole-lung IL-4 and IL-13 cytokine
levels by ELISA also demonstrated increases
with Schistosoma exposure (Figure 1B).
Immunostaining similarly revealed an increase
in adventitial IL-4, IL-13, phosphorylated
STAT6 (phospho-STAT6), and its target
periostin in Schistosoma-exposed mice
compared with unexposed mice (Figure 1C).

IL-4 and IL-13 Originates in CD41

T Cells
We next sought to identify cellular sources
of IL-4 production using flow cytometry
to analyze IL-4GFP reporter mice, and
observed 83.4% of pulmonary GFP1 cells
were CD31CD41 T cells, whereas 3.7% of
all CD41 T cells were positive for GFP
(Figures 1D and 1E). We also used an
IL-13YFP reporter mouse and observed 1.1%
of CD41 T cells were YFP1 (see Figure E1).

There was no significant signal for
either reporter from CD81 T cells or
macrophages (data not shown). Double
staining for the IL-4 and IL-13 ligands and
quantitative analysis colocalized 30–40%
of IL-4 and IL-13 to double-positive cells
within both the adventitia and periegg
granulomas (Figures 1F and 1G).

IL-42/2IL-132/2 Mice Exposed to
Schistosoma Eggs Have Decreased
RV Pressure and Vascular
Remodeling
To determine the functional roles of IL-4
and IL-13 in Schistosoma-induced PH, we
used singly and doubly deficient IL-42/2

and IL-132/2 mice using our established

model of experimental disease. We
observed significantly reduced RV systolic
pressure (RVSP), RV hypertrophy, and
granuloma volumes in Schistosoma-
exposed IL-42/2IL-132/2 mice compared
with infected wild-type and single knockout
IL-42/2 or IL-132/2 mice (Figures 2A–2C).
In Schistosoma-unexposed mice we
observed marginal differences in RVSP,
RV mass, and vascular thicknesses
between these four genotypes (see Figures
E2A–E2D). There were no significant
differences in left ventricular systolic
pressure, right or left ventricular diastolic
pressures, heart rate, or body weight
between exposed and unexposed mice for
all genotypes (see Table E5). Quantitative

Figure 1. (Continued). IL-13 using double immunoflorescence analysis (G, left, fraction of IL-4–positive area that colocalizes with IL-13; G, right, fraction of
IL-13–positive area that colocalizes with IL-4; asterisk, vessel lumens; arrows, representative double-positive cells; scale bar, 50 mm; plots mean6 SD;
n = 4 samples per group; the groups are perivascular/adventitia and periegg/granuloma images). DAPI = 49,6-diamidino-2-phenylindole; GFP = green
fluorescent protein; RPKM = reads per kilobase per million mapped reads.
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Figure 2. Mice exposed to Schistosoma mansoni eggs develop pulmonary hypertension and vascular
remodeling, which is suppressed in the absence of IL-4 and IL-13. (A) Right ventricular systolic pressure
(RVSP) of intraperitoneal and intravenous (IP/IV) egg–exposed mice (mean6 SD; n =9–18 mice per group;
analysis of variance (ANOVA), P=0.01; post hoc Tukey test, *P, 0.05, **P, 0.01). (B) Fulton index
(RV/[LV 1 S]) of IP/IV egg–exposed mice (mean6 SD; n = 9–18 mice per group; ANOVA, P=0.001;
post hoc Tukey test, *P, 0.05, ****P, 0.001). (C) Periegg granuloma volumes in IP/IV egg–exposed mice
(mean6 SD; n = 9–18 mice per group; ANOVA, P=0.03; post hoc Tukey test, *P, 0.05). (D) Quantitative
fractional thickness of the pulmonary vascular media in IP/IV egg exposed mice (mean6 SD; n = 9–18
mice per group; ANOVA P=0.007; post hoc Tukey test, *P, 0.05, **P, 0.01). LV = left ventricle; RV =
right ventricle; S = systolic; WT=wild type.
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analysis revealed decreased pulmonary
artery media thickening in IL-42/2IL-
132/2 mice relative to wild-type mice after
Schistosoma exposure (Figure 2D). We did

not observe differences in intima thickness
between the different Schistosoma-exposed
genotypes, concordant with previously
observed sparing of intima remodeling in

this model in wild-type mice (see Figure
E2E).

The observed protection in double
knockout mice was unlikely related to
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inability to clear the parasite, because egg
burden 1 week after intravenous challenge
did not differ among the four genotypes (see
Figure E2F). We had previously observed
a component of Rho kinase-dependent
vasoconstriction in Schistosoma-induced
PH (11), and now observed increased GTP-
bound (active) Rho A in both wild-type and
IL-42/2IL-132/2 mice after Schistosoma
exposure (see Figure E3), indicating Rho
kinase signaling in this model is IL-4/IL-13
independent.

It was recently reported that IL-13
overexpression can induce PH dependent
on the second IL-13 receptor, IL-13Ra2,
although it is debated if IL-13Ra2
has functional signaling ability or is
a competitive decoy receptor (7, 20–22).
We had previously observed that ablation
of IL-13Ra2, potentially resulting in IL-13
gain-of-function, enhanced Schistosoma-
induced PH (8). To address whether this
augmented phenotype was IL-13
dependent, we treated IL-13Ra22/2 mice
with soluble IL-13Ra2-Fc; indeed,
blockade of IL-13 with the soluble receptor
chimera prevented the exacerbated
Schistosoma-PH phenotype (see Figures
E4A and E4B). We also crossed IL-
13Ra22/2 with IL-132/2 mice, and found
these mice were also protected from
Schistosoma-induced PH (see Figures E4C
and E4D). These data suggest that the
augmented PH phenotype observed in
Schistosoma-exposed IL-13Ra22/2 mice
is mediated by IL-13 signaling gain-of-
function.

Wild-Type Murine Recipients of
IL-42/2IL-132/2 Bone Marrow Are
Protected against Schistosoma-PH
Having observed a major source of IL-4 and
IL-13 to be CD41 T cells—which are BM
derived—we confirmed the compartment
responsible for pathogenic IL-4/IL-13
signaling by transferring IL-42/2IL-132/2

BM into irradiated wild-type recipient
mice, followed by Schistosoma challenge.
We found wild-type recipients of
IL-42/2IL-132/2 BM were significantly
protected from Schistosoma-induced PH
(Figures 3A–3D). Wild-type mice with
IL-42/2IL-132/2 BM also had significantly
less whole-lung IL-4 and IL-13 after
exposure to Schistosoma (Figures 3E and
3F). Of note, BM transplant alone did
not have an effect on the phenotype in
wild-type recipients of wild-type BM
(data not shown).

IL-42/2IL-132/2 Mice Exposed to
Schistosoma Eggs Do Not Have
Compensatory Th1 or Th17 Responses
A possible additive protective mechanism in
IL-42/2IL-132/2 mice is compensatory
Th1 or Th17 response. To address this
question, we analyzed intracellular Th1 and

Th17 markers by flow cytometry (e.g.,
interferon-g and IL-17A and F,
respectively) in CD31CD41 cells (Figure 4;
see Figure E5). Schistosoma-exposed IL-42/

2IL-132/2 mice showed in fact suppressed
Th1 and Th17 responses compared with
wild-type mice, whereas individual IL-42/2
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Figure 5. Schistosoma-exposed IL-42/2IL-132/2 mice have decreased phospho–signal transducer
and activator of transcription factor 6 (STAT6), and STAT6 inhibition prevents Schistosoma-
pulmonary hypertension. (A) Representative images showing representative immunostaining for
phospho-Y641-STAT6 in Schistosoma-exposed wild-type (WT), IL-42/2, IL-132/2, and IL-42/2IL-
132/2 mice (images representative of n = 4/group; asterisks, vessel lumens; arrows, representative
positive stained cells; scale bars, 50 mm). (B) Quantification of area staining positive for phospho-
STAT6 in the pulmonary vascular adventitia in Schistosoma-exposed WT, IL-42/2, IL-132/2, and
IL-42/2IL-132/2 mice (mean6 SD; n = 4 specimens per group; analysis of variance, P = 0.009; post
hoc Tukey test, ***P, 0.005). (C–E) IP/IV egg–exposed WT mice treated with the STAT6 inhibitor
AS1517499 or equivalent volume of vehicle: right ventricular systolic pressure (RVSP) (mean6 SD;
n = 7 mice per group; t test *P, 0.05) (C); granuloma volume (mean6 SD; n = 7 mice per group;
t test *P, 0.05) (D); and quantitative fractional thickness of the pulmonary vascular media (mean6
SD; n = 7 mice per group; t test *P, 0.05) (E). a-SMA = a-smooth muscle actin; DAPI = 49,6-
diamidino-2-phenylindole; IP/IV = intraperitoneal and intravenous; RV = right ventricle.
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and IL132/2 did not have a change in
Th1 or Th17 responses compared with
wild-type (see Figures E5C and E5D).

A potential mechanism for persistent
PH in singly-deficient IL-42/2 or IL-132/2

mice is compensatory up-regulation of
the partner cytokine. However, after
Schistosoma exposure, compared with
wild-type mice, the concentration of IL-4
in IL-132/2 mice was partially suppressed
(P, 0.05), and the concentration of IL-13
in IL-42/2 mice was significantly
suppressed (P, 0.01) (see Figure E6),
suggesting a positive rather than a negative
feedback loop between the two Th2
cytokines, consistent with other reports
(23, 24).

IL-42/2IL-132/2 Mice Exposed to
Schistosoma Have Abrogated
Phosphorylated STAT6 Signaling
IL-4 and IL-13 regulate gene expression
through shared receptors that trigger
phosphorylation of STAT6. Phospho-
STAT6 immunostaining revealed no
significant signal in unexposed wild-type,
IL-42/2, IL-132/2, and IL-42/2IL-132/2

mice (see Figure E7). In Schistosoma-
exposed mice, phospho-STAT6 signal was
observed in the adventitia in wild-type and
individual IL-42/2 or IL-132/2 mice, but
was completely abrogated in IL-42/2IL-
132/2 mice (Figures 5A and 5B). There was
no significant media or intima signal for
phospho-STAT6 in wild-type or IL-42/2IL-
132/2 mice (see Figure E8).

We had previously observed increased
phospho-STAT3 (a target of IL-6 signaling)
in Schistosoma-exposed mice and
Schistosoma-associated PAH lung tissue
(10). We additionally observed phospho-
STAT1 immunostaining in Schistosoma-
exposed mice (see Figure E9A). We now
found decreased phospho-STAT3, but no
change in phospho-STAT1, in IL-42/2IL-
132/2 Schistosoma-exposed mice compared
with wild-type mice (see Figures E9 and
E10, respectively).

Blockade of STAT6 Signaling Protects
against Schistosoma-PH
Considering a potential therapeutic
translation of our findings to human disease,
we tested the pharmacologic STAT6
inhibitor AS1517499 in Schistosoma-
exposed wild-type mice (25). AS1517499, as
compared with vehicle alone, resulted in
significant reduction of Schistosoma-PH by
RVSP, granuloma size, and media thickness

(but not RV hypertrophy) (Figures 5C–5E;
see Figure E11A). There was no difference
in IL-4 or IL-13 levels after AS1517499
treatment (see Figures E11B and E11C),
confirming that STAT6 is downstream of
IL-4/IL-13 signaling, as expected.

IL-42/2IL-132/2 Mice Exposed to
Schistosoma Have Suppressed
TGF-b Signaling
Increased TGF-b family signaling has been
implicated in multiple forms of human and

experimental PH. Importantly, enhanced
TGF-b signaling is present in patients with
schistosomiasis-associated PAH and
Schistosoma-exposed mice (11). Earlier, we
observed that wild-type but not IL-42/2IL-
132/2 mice have a two-fold increase in
TGF-b1 mRNA quantity in whole-lung
lysates, and Schistosoma-exposed wild-type
mice have increased expression of the
canonical TGF-b target phospho-Smad2/3
in the pulmonary intima, media, and
adventitia (11). Now we performed
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a detailed analysis of phospho-Smad2/3
expression in IL-4 and IL-13 deficiency,
revealing the increased phospho-Smad2/3
expression in Schistosoma-exposed wild-
type mice was minimally suppressed in
IL-42/2 and IL-132/2 mice (Figure 6A).
However, the pulmonary vasculature of
Schistosoma-exposed IL-42/2IL-132/2

mice showed phospho-Smad2/3 expression,
but this was predominantly detected in the
cytoplasm, rather than the nucleus, where it
needs to translocate to act as a transcription
factor for TGF-b–dependent genes (Figures
6B and 6C). Nuclear phospho-Smad2/3 was
also partially decreased in wild-type mice
treated with AS1517499 (see Figure E12).
There was no significant vascular phospho-
Smad2/3 in unexposed mice (see Figure
E13). Moreover, we observed that, in this
model, phosphorylated Smad1/5/8 (a
BMPR2 signaling target) was not affected

by either Schistosoma exposure or IL-4/
IL-13 deficiency (see Figure E14).

We also immunostained for TGF-b1
ligand in infected wild-type, individual, and
double IL-42/2IL-132/2 mice using an
antibody that detects both active and latent
TGF-b1 (with minimal cross-reactivity to
TGF-b2/3) (Figures 7A–7D). We costained
for macrophages, because these adventitial
cells potentially represent a key source for
TGF-b1 production and/or activation after
exposure to Schistosoma. Although the area
of TGF-b1 staining was similar in all
genotypes of mice exposed to Schistosoma
(Figures 7A and 7B), there was absence of
macrophages and TGF-b1-macrophage
colocalization in IL-42/2IL-132/2 mice
compared with wild-type and singly
deficient mice (Figures 7A, 7C, and 7D).
Coupled with data indicating suppressed
downstream signaling via phospho-Smad2/3

in IL-42/2IL-132/2 mice (Figure 6), this
observation suggests a key function of Th2-
stimulated macrophages may be TGF-b1
activation rather than synthesis (see Figure
E15). There was no significant TGF-b1
ligand present in uninfected mice (see
Figure E16).

Evidence of Type-2 Inflammation in
Human Schistosomiasis-associated
Pulmonary Vascular Disease
To seek further support for the relevance
of our observations to clinical disease, we
analyzed markers of type-2 inflammation
in the lungs of patients with Schistosoma-
associated PAH, CTD-associated PAH,
and normal control subjects. Only paraffin-
embedded tissue was available for
this analysis. Immunostaining and
semiquantitative analysis revealed
increased presence of IL-13, IL-4Ra,
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phospho-STAT6, and periostin in the
pulmonary vasculature of patients with
CTD-associated PAH and Schistosoma-
PAH compared with normal control
subjects (Figure 8; see Table E6). Periostin
in particular was primarily located in
a subendothelial compartment (see Figures
E17 and E18). Quantitative analysis of
periostin immunostaining revealed
increased vascular stain intensity in
Schistosoma-PAH compared with control
samples (see Figure E19). We also analyzed
IL-13Ra1, IL-13Ra2, IL-4, and RELM-b
(the equivalent of murine RELM-a), and
observed no significant differences between
diseased and control samples (data not
shown).

Discussion

Our findings reveal a key pathogenic role
for the Th2 immune response–mediated
cytokines IL-4 and IL-13 in Schistosoma-
associated PH. We previously reported
increased TGF-b1 mRNA induced by
Schistosoma exposure was absent in
IL-42/2IL-132/2 mice, and that blockade
of TGF-b1 at the level of the ligand,

receptor, or intracellular signaling molecule
Smad3 protected against Schistosoma-PH.
Building on these prior observations, we
now identified the TGF-b signaling and PH
induced by Schistosoma results from
nonredundant IL-4 and IL-13 signaling,
largely originating from CD41 T cells, and
mediated by STAT6 signaling in adventitial
cells, potentially macrophages in particular.
Identification of type-2 inflammation in
human PAH lung tissue supports the
clinical relevance and potential therapeutic
implications of our findings.

The combined requirement of IL-4 and
IL-13 to induce Schistosoma-PH may result
from summative or synergistic effects.
Summative signaling via STAT6 to exceed
a threshold for Th2 inflammation-driven
PH is suggested by the reported sufficiency
of IL-13 overexpression alone to induce PH
(20). However, we also observed a feedback
system among IL-4, IL-13, and TGF-b
suggestive of an amplifying, synergistic
effect. Among potential downstream
signaling pathways, we observed decreased
phospho-STAT3 signal in IL-4/IL-13
double-deficient mice, indicating STAT3 is
downstream of Th2 signaling in this model.
In other contexts, Th1 and Th17 signaling

may increase when Th2 inflammation is
suppressed (26, 27), but in this model we
did not find a compensatory Th1 or Th17
increase in IL-42/2IL-132/2 mice.

We observed that a major source of
IL-4 and IL-13 is CD41 T cells; the BM-
derived origin of pathologic IL-4/IL-13 was
confirmed by protection in wild-type
recipients of IL-42/2IL-132/2 BM. In vitro,
IL-4 is the major driver of the Th2
phenotype (24), but in this model we found
that blockade of both IL-4 and IL-13 was
required for suppression of Schistosoma-
PH. Our data are in line with the report
that IL-4 deficiency resulted in partial
suppression of Schistosoma granulomas,
whereas additive IL-13 blockade using
soluble IL-13Ra2-Fc near-completely
abrogated the granulomas (28).

Potentially key intermediate cells
receiving IL-4/IL-13 signals and then
activating TGF-b signaling are interstitial
macrophages. IL-4 and IL-13 are known
activators of “alternative” (also called M2
phenotype) macrophages, which may be
potential sources of TGF-b (29). In this
study, we observed Schistosoma-exposed
IL-42/2IL-132/2 mice had fewer
perivascular macrophages and concurrently
less nuclear phospho-Smad2/3 signal in the
vascular media, but persistent total TGF-b1
(by immunostaining). A key role of IL-4/
IL-13 may thus be activation of TGF-b1 via
phospho-STAT6 signaling. The precise
mechanism by which STAT6 signaling
leads to TGF-b1 activation is not yet
elucidated, but it has been reported that IL-
13 overexpression can activate TGF-b1 via
increased matrix metalloproteinase-9 (30),
and TGF-b1 signaling can be modulated
by concurrent STAT6 binding to gene
promoters (31).

The clinical significance of our rodent
model is supported by the expression of
key type-2 inflammation molecules in
diseased human tissue. Our analysis of
Schistosoma-PAH tissue is limited to
immunohistochemistry: excessive
autofluoresence in these samples
makes quantification analysis by
immunofluorescence challenging. We have
also previously been unsuccessful at reliable
mRNA quantification from this tissue, but
anticipate performing more detailed and
quantitative analyses in the future. The
presence of type-2 inflammation in human
lung tissue is corroborated by a recent study
reporting increased TGF-b1 and a trend
toward increased IL-13 concentrations in
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Figure 8. Human lung tissue immunostaining demonstrates increased Th2 signaling.
Immunostaining for the type 2 signaling molecules IL-13, IL-4Ra, phospho–signal transducer
and activator of transcription factor 6 (STAT6), and periostin in lung tissue of patients
with Schistosoma–pulmonary arterial hypertension (Schisto-PAH) and connective tissue
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the serum of patients with Schistosoma-
PAH compared with those with
Schistosoma-liver disease but without PAH
(32). Serum periostin concentration has
also been shown to correlate with
dermatologic disease in patients with
scleroderma, although not interstitial lung
disease (33).

Having observed that preclinical
blockade of STAT6 using a pharmacologic
inhibitor resulted in prevention of the
experimental PH phenotype (although
did not modulate RVH, possibly because
of dosage or differential effects on the
pulmonary vasculature vs. RV tissue), novel
therapeutic approaches in Schistosoma-
PAH (and potentially other forms resulting
from type-2 inflammation) may thus
include targeting both IL-4 and IL-13

cytokines, inhibiting STAT6, and/or
blocking TGF-b signaling in the
vasculature. Of note, Schistosoma-PAH
patients would need to be first treated with
antihelmenthic therapy before such biologic
inhibitors, to eradicate any active infection,
because antiinflammatory therapy
suppresses the host-parasite response. Such
an approach is warranted, however, because
modern series report patients are dying
of this disease despite antihelminthic
treatment and in the absence of active
infection (19, 34).

In summary, we observed combined
deficiency of IL-4 and IL-13 is required to
protect against TGF-b–mediated vascular
disease caused by Schistosoma exposure.
Our study underscores potential
molecular targets in Schistosoma-

induced and other inflammatory forms of
human PH. n
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