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Schistosomiasis-associated
pulmonary hypertension unveils
disrupted murine gut–lung
microbiome and reduced
endoprotective Caveolin-1/
BMPR2 expression
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Schistosomiasis-associated Pulmonary Arterial Hypertension (Sch-PAH) is a life-

threatening complication of chronic S. mansoni infection that can lead to heart

failure and death. During PAH, the expansion of apoptosis-resistant endothelial

cells (ECs) has been extensively reported; however, therapeutic approaches to

prevent the progression or reversal of this pathological phenotype remain

clinically challenging. Previously, we showed that depletion of the anti-

apoptotic protein Caveolin-1 (Cav-1) by shedding extracellular vesicles

contributes to shifting endoprotective bone morphogenetic protein receptor 2

(BMPR2) towards transforming growth factor beta (TGF-b)-mediated survival of

an abnormal EC phenotype. However, the mechanism underlying the reduced

endoprotection in PAH remains unclear. Interestingly, recent findings indicate

that, similar to the gut, healthy human lungs are populated by diverse microbiota,

and their composition depends significantly on intrinsic and extrinsic host

factors, including infection. Despite the current knowledge that the disruption

of the gut microbiome contributes to the development of PAH, the role of the

lung microbiome remains unclear. Thus, using a preclinical animal model of Sch-

PAH, we tested whether S. mansoni infection alters the gut–lung microbiome

composition and causes EC injury, initiating the expansion of an abnormal EC

phenotype observed in PAH. Indeed, in vivo stimulation with S. mansoni eggs

significantly altered the gut–lung microbiome profile, in addition to promoting

injury to the lung vasculature, characterized by increased apoptotic markers and

loss of endoprotective expression of lung Cav-1 and BMPR2. Moreover, S.

mansoni egg stimulus induced severe pulmonary vascular remodeling, leading

to elevated right ventricular systolic pressure and hypertrophy, characteristic of

PAH. In vitro, exposure to the immunodominant S. mansoni egg antigen p40
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activated TLR4/CD14-mediated transient phosphorylation of Cav-1 at Tyr14 in

human lung microvascular EC (HMVEC-L), culminating in a mild reduction of

Cav-1 expression, but failed to promote death and shedding of extracellular

vesicles observed in vivo. Altogether, these data suggest that disruption of the

host-associated gut–lung microbiota may be essential for the emergence and

expansion of the abnormal lung endothelial phenotype observed in PAH, in

addition to S. mansoni eggs and antigens.
KEYWORDS

schistosomiasis, endothelial cell, PAH, apoptosis, Cav-1, BMPR2, lung microbiome,
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1 Introduction

Globally, more than 200 million people are currently infected by

intravascular parasites from the genus Schistosoma, and

approximately 10 mill ion develop pulmonary arterial

hypertension (Sch-PAH), indicating that the disease is the leading

cause of PAH worldwide (1). Sch-PAH is a life-threatening

complication of chronic Schistosoma infection, including S.

mansoni. Sch-PAH shares similar features with idiopathic PAH

(IPAH, unknown cause), including TGF-b-mediated vascular

remodeling (2, 3). The disease is characterized by obliteration and

remodeling of the pulmonary vasculature in response to S. mansoni

egg translocation from the mesenteric system (4). Then, the

remodeled and occluded pulmonary vasculature increases

vascular resistance, leading to right ventricular hypertrophy

(RVH), heart failure, and premature death. Currently, there are

no targeted therapies for Sch-PAH (1).

After infection, S. mansoni migrates through the cardiovascular

system, reaching the mesenteric circulation where the parasite lays

its eggs (4). Within the mesentery, the eggs cross the intestinal wall,

disturbing the gut microbiome or migrating to other organs,

including the lungs, where they can lead to PAH. Recent findings

indicate that similar to the gut, the lungs are populated by a diverse

microbiota (5), but it was unclear whether its disruption (i.e.,

dysbiosis) also contributed to the development of PAH. It is clear

that inside the host vasculature, S. mansoni and their eggs interact

directly with the endothelium in multiple organs, including the

lungs. In this process, ECs are not simple bystanders; they are also

highly efficient in killing the immature form of S. mansoni (6), and

their interaction with the parasite eggs significantly contributes to

immune cell recruitment and inflammation (7). Moreover,

accumulation of egg antigens in the lungs of Sch-PAH patients

was not found (8), which could suggest rapid clearance of the
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antigens in the initial stages of the pathology. Although pathogen-

associated molecular pattern (PAMP)-induced EC activation

contributes to the immune response, the effect of S. mansoni

PAMPs and antigens on the pulmonary endothelium

remains unclear.

Pulmonary ECs express high levels of the anti-inflammatory

and endoprotective proteins Cav-1 and BMPR2, which are critical

for regulating several processes, including cell survival and

endothelial nitric oxide synthase (eNOS) function. These

processes occur mostly via Cav-1 phosphorylation at the tyrosine

14 residue (pY14) (9–11), which can be induced by bacterial-

derived PAMPs, such as lipopolysaccharide (LPS) exposure (12).

However, if persistent, Cav-1 phosphorylation can result in Cav-1

depletion and inflammation, in part by shedding extracellular

vesicles into the circulation (13). PAMPs stimulate immunity and

host defense by activating pattern recognition receptors (PRRs)

(14). Among PRRs, Toll-like receptor 4 (TLR4) plays a significant

role in schistosomiasis by activating signaling in the immune system

and ECs (15, 16). Interestingly, TLR4−/− mice do not develop PH

(17), suggesting that this receptor is important during disease

development. Activation of TLR4/CD14 leads to the activation of

the NF-kB signaling pathway, but it also induces pY14-Cav-1 (14).

Interestingly, our data indicate that S. mansoni egg antigens also

increased pY14-Cav-1 expression and depletion in lung ECs.

However, it is unclear whether S. mansoni antigens require TLR4/

CD14-mediated pY14-Cav-1 for extracellular vesicle shedding.

Several biological processes such as apoptosis resistance and

endothelial-to-mesenchymal transition have been described in PAH

(18–20). All these processes contribute to the idea that chronically

injured endothelium leads to the remodeling of the lung vasculature

over time. Although the initiating events that promote alterations in

healthy endothelium remain incompletely understood, it is possible

that chronic exposure to pathogens induces the selective survival of

an abnormal lung EC phenotype. In line with this hypothesis, we

have observed a marked decrease in the expression levels of anti-

inflammatory Cav-1 and BMPR2 within the lung vascular

endothelium, which appear to be instrumental for the expansion

of an abnormal EC phenotype evident in PAH. Additionally, our

research data suggest that by regulating apoptosis-associated

signaling pathways, there is potential to prevent cell death in Sch-
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PAH by imprinting an EC memory of survival. Although the

specific mechanisms by which reduction in Cav-1 and BMPR2

expression have not been fully elucidated, our investigations

underscore the pivotal role of both innate and acquired

microorganisms in the pathophysiological cascade that underlines

the disease.
2 Materials and methods

2.1 Animal model of Sch-PAH and
lipopolysaccharide-induced acute lung
vascular injury

The Sch-PAH mouse model was induced either by exposure to

percutaneous infection using approximately 80 cercaria and

animals used after 60 days of infection, or by murine

intraperitoneal (IP) sensitization using 240 S. mansoni eggs/g

body weight followed by intravenous (IV) injection of 175 eggs/g

body weight after two weeks (21, 22). The specific model is

highlighted in each figure legend (i.e., cercariae or IP/IV Eggs).

Tail vein injections were performed in 2.5% isoflurane-anesthetized

mice. The depth of anesthesia was monitored based on the lack of

response to toe pinch. The mouse tail was submerged in water at 37°

C or warmed with a heating lamp held approximately 20 cm away,

avoiding overheating or burning, for 20–30 s for dilation of veins

following injection of the eggs diluted in 100 µl of phosphate buffer

solution (PBS; 30G needle). Mice were monitored daily, and after 7

days, the animals were anesthetized using ketamine/xylazine (K/X

at 100 and 10 mg/kg body weight; IP) for subsequent analysis. After

the procedure, mice were euthanized via cervical dislocation.

Alternatively, C57BL6 mice (Jackson Laboratory, Bar Harbor,

ME) were nebulized with saline or Escherichia coli LPS (10 mg,

1 h daily for up to 4 days) (13). Strain- and age-matched mice were

used as approved by the Institutional Animal Care and

Use Committee.
2.2 Hemodynamics and right ventricular
hypertrophy assessment

After the animals underwent general anesthesia using K/X, as

described above, the surgical area was disinfected using 70%

alcohol, and a small skin incision was made to access the jugular

vein. Then, a Millar Mikro-Tip catheter transducer (model PVR-

1030) was carefully inserted into the right ventricle (RV) via the

jugular vein to measure the RV systolic pressure (RVSP). RVSP was

calculated using an MPVS-300 system connected to a PowerLab A/

D converter (AD Instruments, Colorado Springs, CO, USA). After

recording, mice were ventilated, and approximately 1 mL of blood

was collected using 3.8% sodium citrate-treated syringes via vena

cava puncture. The animals were then exsanguinated, and the

remaining blood within the lungs was cleared by pump perfusion

of 5 mL of cold PBS via a cannula placed in the RV. After complete

perfusion, the lung lobes were either freshly removed, snap-frozen
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in liquid nitrogen, or carefully inflated with a 4% paraformaldehyde

(PFA) solution for posterior histological analysis. Freshly isolated

hearts were dissected to evaluate of RVH using the Fulton index

(RV/left ventricle + septum weight ratio) (3).
2.3 Endothelial cell-specific Cav-1 deletion

Male and female 8–12 weeks old End.SCL-creERT2;Rosamt/mg and

End.SCL-creERT2;Rosamt/mg;Cav-1fl/fl mice were IP injected with

corn oil (vehicle) or tamoxifen for 5 consecutive days (1 mg/day)

to induce cre-mediated recombination and EC-Cav-1 deletion (14

days after the last injection) (23). Briefly, after tamoxifen-induced

recombination, ECs became green in both mouse genotypes (i.e.,

End.SCL-creERT2;Rosamt/mg and End.SCL-creERT2;Rosamt/mg;Cav-1fl/

fl); however, in the group expressing Cav1fl/fl mice, ECs also lost

Cav-1 expression (Cre-Lox recombination). Genetic recombination

was confirmed by eGFP-positive vasculature via fluorescence

imaging of the tail snips of anesthetized mice. Non-recombined

cells remained positive for TdTomato (red fluorescence). The

animals were then infected, as described above. Murine lung ECs

(MLECs) were freshly isolated from collagenase-digested lung tissue

for analysis, and cre recombinase-induced endothelial mEGFP

fluorescent expression (green) in place of the mTomato (red) and

Cav-1 deletion validated in all animal strains.
2.4 S. mansoni life cycle and egg collection

All studies with snails and cercariae were performed in a

biological safety laboratory-2 (BSL-2) at Rush University Medical

Center, with infected Biomphalaria glabrata snails obtained from

the Schistosome Resource Center, Biomedical Research Institute

(NIH-NIAID contract HHSN272201000005I). Between 7 and 8

weeks post-infection, the mice were euthanized with Nembutal in a

buffered heparin solution, and eggs were collected from liver

homogenates by serial filtration using autoclaved meshes inside

the hood. The eggs were counted, resuspended in sterile PBS for

fresh use, or stored at −80°C for subsequent injection in mice.
2.5 Human microvascular ECs from lungs
and pulmonary artery ECs

Primary HMVEC-L and HPAEC (fourth passage) were obtained

from Lonza (Cat No. CC-2527 and CC-2530, respectively) and

maintained in endothelial basal medium-2 (EBM-2) supplemented

with endothelial growth medium (EGM-2) SingleQuots™

Supplements (CC-4176; HPAEC) or MV SingleQuots (CC-4147;

HMVEC-L) plus heat-inactivated fetal bovine serum up to 10% at

37°C and 5%CO2 until they reached 90%–100% confluence. Confluent

cells were treated with S. mansoni egg antigen p40 (Sm-p40; Biomatik;

Cat #RPC20108) for short-term signaling pathway analysis (0 min,

15 min, 30 min, 60 min, 120 min, and 240 min) or long-term analysis

(24 h and 48 h). Cell morphology was assessed daily using brightfield
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contrast microscopy, and cell lysates were used for protein

quantification. Cells were used up to the maximum level in the

seventh passage.
2.6 Extracellular vesicle isolation
and counting

Differential centrifugation and filtration methods were adapted

to isolate extracellular vesicles (mainly microvesicles and small

apoptotic bodies) from murine plasma, as previously described

(3). Briefly, 3 mL of cell culture supernatant and 250 mL of plasma

from the mice were centrifuged twice for 20 min (1,500×g at 4°C).

The platelet-free plasma was centrifuged at 16,100×g for 20 min at

4°C. After centrifugation, the pellet was diluted in double-filtered

PBS to determine its size and concentration by Nanoparticle

Tracking Analysis (NanoSight; Malvern Analytical). The number

of cells was used for normalization.
2.7 SEAP assay

The SEAP assay was performed using HEK-Blue™ hTLR4 cells

grown in a medium containing Invitrogen HEK-Blue Selection (Cat

#hb-sel), Invitrogen Normocin (Cat. #anti-nr-1), 50 mL Gibco fetal

bovine serum (FBS; Cat #26140079), and 5 mL Pen Strep 10×

(Gibco; Cat #15140-122) in 450 mL Corning DMEM with L-

glutamate (Cat #10-013-cu). Cells were grown to 90% confluence

and then split using trypsin-EDTA 1× and 105 cells/well were plated

in a 96 well-plate overnight. The cells were then pre-incubated for

1 h with 4 ng/mL anti-CD14 and 4 ng/mL anti-TLR4 (Invitrogen;

Cat #mabg-htlr4), followed by exposure to 10 µg/mL LPS (Sigma;

Cat No: L2630-25MG) and 1,000 ng/mL Sm-p40 (Biomatik; Cat

#CP220360). All the conditions were diluted in complete medium

to obtain the desired concentration. Cells were also transfected with

4 µg of GFP control and Y14F Cav-1 cDNA using Lipofectamine

3000 transfection reagent (Invitrogen; Cat #L-3000-015) in Gibco

Opti-Mem (Cat #31985-070), before treatment. Plates were then

measured at 24 h and 48 h using SeraCare Blue Phos Microwell

phosphatase substrate system solutions A and B (Cat #5120-0061)

diluted 1:1 with 1× PBS, and 100 ml/well was added and incubated

15 min before plate reading at 630 nm (Accuris Smartreader 96).
2.8 Sample preparation and Western blot

Frozen lung tissue was fully homogenized using a cold

radioimmunoprecipitation assay (RIPA) buffer containing 1%

protease and 0.1% phosphatase inhibitor cocktail. After 20 min of

incubation at 4°C, the homogenates were centrifuged at 12,000×g

(20 min at 4°C), and the supernatant was collected for protein

measurement. A standard bicinchoninic acid (BCA) protein assay

was used to determine the protein concentration in each lung

sample by colorimetry using a microplate reader (Benchmark

Scientific MR9600-T SmartReader™ 96 Plate). Then, 10 mg–30
Frontiers in Immunology 04
mg of lung tissue lysate was diluted in Laemmli Sample Buffer (4×)

with b-mercaptoethanol and boiled for 10 min at 95°C. Before

loading the samples on a gradient SDS-PAGE gel (8%–12%), tubes

were centrifuged for 2.5 min at 16,200×g. After running the

samples, proteins were transferred to nitrocellulose membranes,

and the transfer was assessed by the absence of ladder markers in

the gel, simultaneously, to detect a continuous gradient of Ponceau

Rouge staining over the membranes. Membranes were then washed

with TBS-Tween 1× for 5 min twice and blocked using 5% milk or

BSA (according to antibody datasheet instructions) for 1 h at room

temperature, followed by primary antibody incubation (overnight

at 4°C or 2 h–3 h at 37°C). After washing (2 min × 5 min; 1 min ×

15 min), the membranes were incubated for 1 h with the specific

secondary HRP-conjugated antibody, washed again, and detected

using an ECL kit (Amersham, Piscataway, NJ). Membranes were

scanned with Li-Cor Odyssey CLx (Lincoln, NE), and data were

analyzed and normalized to b-actin or GAPDH loading controls

using ImageJ software (https://imagej.nih.gov/ij/).
2.9 Immunohistochemistry and
vascular remodeling

PFA-fixed, paraffin-embedded lung sections (5 mm) were used

to evaluate protein expression (using primary antibodies against a-
SMA, CD31, and Cav-1) and for histological analysis. Samples were

deparaffinized by serial exposure to xylene and ethanol, and then

high temperature was used to promote antigen retrieval (5 min–10

min in a pressurized container using sodium citrate as a buffer). For

IHC, lung sections were blocked using 10% goat serum or 5% BSA

diluted in PBS (1 h, room temperature), followed by overnight

incubation with the primary antibody at 4°C (in a humidified

chamber). After washing, the slides were incubated with

secondary antibodies, washed again, and mounted using

mounting medium containing DAPI. Fluorescent images were

obtained using an LSM880 confocal microscope (Carl Zeiss

MicroImaging, Inc.). Four fluorescent images were obtained from

randomized peripheral lung segments in each sample to quantify

Cav-1 expression. In addition, histological analysis of the

microvessel area and thickness was performed using Masson’s

trichrome-stained sections. After staining, slides containing one

or two sections were scanned using an Aperio brightfield automated

microscope slide scanner (×40; Leica Aperio AT2). Digitalized

images were used to determine the microvessel area and thickness

(mm) in 10–20 microvessels/animal, i.e., vessels with a diameter

smaller than 100 mm, using ImageScope software 12.4.6 (Leica

Biosystems). Briefly, microvessel wall thickness was obtained using

the ImageScope ruler tool to measure the length across the thickest

part of the vessel segment, defined as the space between the

peripheral outer wall of the vasculature and the luminal

boundary. The microvessel wall area was collected by tracing the

contours of the peripheral outer wall and luminal boundary to

obtain the total area and luminal area, respectively, and calculated

by subtracting the luminal area from the total area of the

microvessels (3).
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2.10 Apoptosis assay by flow cytometry

HMVEC-L seeded in 6-well plates were treated with 1,000 ng/

mL Sm-p40 for 24 h and 48 h, or 200 nM Staurosporine (STS;

Tocris Cat No. 1285) for 18 h. The cells were then washed with PBS

and gently detached using trypsin-EDTA 1× (Cat No. 15400-054;

Gibco). Then, 5 × 106 cells were incubated with APC Annexin V

Apoptosis Detection kit with PI, according to the manufacturer’s

protocol (Cat No. 640932; Biolegend). Data were acquired using

Gallius (Beckman Coulter, USA), and the apoptotic cells were

quantified in GFP-positive cells using Kaluza 2.2 (Beckman

Coulter, USA).
2.11 In situ apoptosis assay

DNA cleavage was determined using terminal deoxynucleotide

transferase (TdT)-mediated dUTP nick-end labeling (TUNEL)

assays using an in situ cell death detection kit (ab206386; Abcam;

Massachusetts, USA) according to the manufacturer’s instructions.

The ratio of TUNEL positive to total cells (apoptotic index) was

measured within the lung microvasculature (vessels >100 mm).

2.11.1 Whole metagenomic analysis
Two fecal pellets and lung tissue from control and S. mansoni egg-

stimulated mice were used for the metagenomic analysis. Samples from

each animal were transferred to barcode collection tubes containing

DNA stabilization buffer to ensure reproducibility and traceability and

analyzed by automatic whole genome sequencing (WGS), which

captures the DNA sequences of all microbes in a sample

(Transnetyx, Cordova, USA). Briefly, after the DNA extraction, DNA

samples were sequenced on both Illumina and ONT sequencing

platforms. The raw data were obtained and analyzed by One Codex

analysis software via alignment with the most recent One Codex

Database (https://www.onecodex.com/, latest access date: 24 July

2023). This database is based on both public and private sources.

Low-quality or mislabeled records were removed using a combination

of automated and manual approaches. Then, using the One Codex

analysis system, we obtained Shannon, Simpson, and Chao indices to

compare microbiota richness and evenness in the samples (i.e., a
diversity). Metagenomic classification as relative abundance was used

to analyze the gut microbiome, whereas Readcounts_with_Children

was used to compare the lung microbiome and analyze when the

readcount was greater than 30K reads (egg/PBS alone baseline). In

addition, each sample was individually analyzed at the phylum level

using the percentage of classified reads using the most recent database

updates and the most frequent top four phylum were plotted using

GraphPad Prism v10. The remaining reads at the Phylum level were

included as “Others” and represent less than 30% of the readcount in

the lung and less than 15% readcount in the gut microbiome. Finally,

the current One Codex Database consists of ~127K complete microbial
Frontiers in Immunology 05
genomes, including 73K bacterial, 49K viral, 1,817K fungal, 1,975K

archaeal, and 201 protozoan genomes (127,034 including the host).

Human and mouse genome are included to screen out host reads (24,

25). FASTQ files used in this study were analyzed using the One Codex

Database and deposited in the NCBI Sequence Read Archive (SRA)

under the BioProject ID PRJNA999692.

2.11.2 Reagents and antibodies
Rabbit polyclonal anti-a-SMA was purchased from Abcam

(Boston, MA, USA). Rabbit polyclonal anti-GAPDH antibody was

acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Mouse monoclonal anti-total or phosphorylated eNOS, b-actin, and
rabbit polyclonal anti-Cav-1 antibodies were purchased from BD

PharMingen (San Jose, CA, USA). Alexa Fluor 488- and 555-

conjugated goat anti-mouse and anti-rabbit IgG antibodies were

purchased from Life Technologies (Grand Island, NY, USA). Anti-

mouse and anti-rabbit HRP-conjugated IgG were purchased from

Cell Signaling Technology (Danvers, MA, USA) and Kierkegaard &

Perry Laboratories (Gaithersburg, MD, USA), respectively. RIPA

buffer, protease and phosphatase inhibitor cocktail, collagenase type

I, PFA, sodium citrate, heparin, and sucrose were purchased from

SIGMA Chemical, Co. (St. Louis, MO, USA). Mounting media with

DAPI (VectaShield) was obtained from Vector Laboratories

(Burlingame, CA, USA). The batches 03614, 03577, and 03228

from Sm-p40 were acquired from Biomatik (Wilmington,

Delaware, USA). Stock solutions were prepared in 100% dimethyl

sulfoxide (DMSO) or sterile PBS and diluted daily in sterile PBS or

cell medium for in vitro treatment. The highest final concentration

of the solvent was 0.1% (v/v) and did not affect the experiments.

PCR primers were purchased from Integrated DNA Technologies,

Inc. (IDT; Coralville, Iowa, USA).

2.11.3 Statistics and scientific rigor
Data were analyzed using the One Codex Cloud Platform and

GraphPad Prism v10 (GraphPad, La Jolla, CA, USA). Normally

distributed data are presented as arithmetic mean ± Standard Error

of the Mean (SEM). The Shapiro–Wilk test were used to determine

the normality of the data, and the Brown–Forsythe or F-test was used

to assess the equality of variances. Parametric or nonparametric tests

were then performed accordingly. Parametric statistical analysis was

performed using unpaired Student’s t-test between two groups. One-

way or two-way ANOVA followed by post hoc analysis (Bonferroni or

Tukey Multiple Comparison tests) was used to analyze differences

between more than two groups. Nonparametric analysis was

performed using the Mann–Whitney U test. We used Shannon,

Simpson, and Chao indices to compare the microbiota richness and

evenness of the samples (i.e., a diversity). Relative abundance was

used to analyze the gut microbiome, while the Readcount with

Children was used to compare the lung microbiome (analyzed

when greater than 1% of the total sequencing data). All tests were

two-sided, and statistical significance was set at P <0.05.
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3 Results

3.1 S. mansoni promoted depletion of lung
endothelial Cav-1 expression in an animal
model of Sch-PAH

Recently, we showed that lung ECs from patients with IPAH are

deficient in endothelial Cav-1 expression due to shedding of Cav-1-

containing extracellular vesicles into the plasma (3, 26). These

observations were further supported by the specific deletion and

reconstitution of EC-Cav-1 in a mouse model of hypoxia-induced

PH (3). Similarly, our data revealed that EC-Cav-1 deficiency also

occurs within the remodeled and inflamed pulmonary area of

animals chronical ly infected with S. mansoni , e i ther

percutaneously or stimulated with pathogenic eggs. However,

outside the granuloma, EC-Cav-1 levels remained unchanged

(Figures 1A-F; Supplementary Figures 1A,B). Taken together,

these data indicate that an S. mansoni egg-associated mechanism

might be sufficient to reduce the expression of the anti-

inflammatory protein Cav-1 within the murine lung vasculature.
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3.2 S. mansoni egg stimulus induced Cav-1
phosphorylation, BMPR2 depletion, and
cell death in the lungs

pY14-Cav-1 contributes to its deficiency and the survival of a

Cav1low;BMPR2low apoptosis-resistant EC phenotype in IPAH (3, 26,

27). Similarly, the lungs from infected mice displayed

hyperphosphorylation of Cav-1 and reduced Cav-1 and BMPR2

expression (Figures 1F, 2A,B). Cleaved-caspase-3 and TUNEL

analyses revealed an increase in apoptosis within the lungs and

remodeled microvasculature of S. mansoni egg-stimulated animals

compared to the controls (Figures 2C-E). Further analysis of the

dependence of Cav-1 expression on lung EC survival in Sch-PAH

using our recently generated conditional lineage tracing EC-specific

Cav1−/− mice (Supplementary Figures 2A–C) indicated that EC-Cav-1

deletion had no significant impact on the overall % of eGFP+ cells at

baseline (Figures 2F, G), with the EC control (i.e., green ECs expressing

Cav-1) and EC-Cav1−/− displaying 56% and 65% of GFP, respectively.

Upon stimulation, eGFP+ cells were reduced in both groups, with a

greater effect in EC-Cav1−/−mice (Figures 2F, G). Taken together, these
B

C

D

E

F

A

FIGURE 1

Lung Caveolin-1 expression is reduced in an animal model of S. mansoni-associated pulmonary hypertension. Lung sections from uninfected control
(CTR) and Schistosoma mansoni percutaneously infected mice (~80 cercariae/animal) showing: Masson’s trichrome staining (A, D), Caveolin-1 (Cav-
1 (B, E)) in green and alpha-smooth muscle actin expression (a-SMA; C) or PECAM-1 (E) in red. Scale bar: 100 µm. The nuclei were stained with
DAPI (blue). Microvessel thickness was quantified using ImageScope, and the data represent 10 vessels/animal (D). Lung Cav-1 expression was
quantified in percutaneously infected mice (E). Total lung Cav-1 expression quantification in percutaneous cercariae infection (F) or S. mansoni-
stimulated mice (intraperitoneal/intravenous eggs (IP/IV Eggs)) (F). Normally distributed data were analyzed using unpaired Student’s t-test (n = 4–8
animals/group; *P <0.05; **P <0.01).
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data suggest that eggs and their antigenic molecules may contribute to

the dysfunction and death of lung ECs observed in PAH.
3.3 Immunodominant S. mansoni egg
antigen-induced transient pY14-Cav-1 and
mild depletion of Cav-1

S. mansoni eggs secrete several antigenic molecules, with the

Sm-p40 described as the immunodominant antigen capable of

inducing a Th1-associated proinflammatory response (28). Thus,

to test the effect of the Sm-p40 antigen on lung EC function and

Cav-1 expression, we exposed HPAECs and HMVEC-L to 0 ng/ml–

1,000 ng/ml Sm-p40 for up to 48 h. At the maximum time point

(i.e., 48 h), 1000 ng/ml Sm-p40 induced a slight reduction in VE-

cadherin junctional stability with no effect on total Cav-1 expression

in HPAECs (Figures 3A-C). In contrast, 48 h of exposure to the

same concentration of Sm-p40 culminated in mild but significant

depletion of Cav-1 expression, with no difference in total VE-

cadherin expression in HMVEC-L (Figure 3D; Supplementary

Figures 3A,B). In the short-term, Sm-p40 induced Src-associated

phosphorylation of Cav-1 at the tyrosine-14 residue and eNOS at
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the serine-1177 (Figures 3E-H), indicative of activation of

microvascular lung ECs.
3.4 Sm-p40 activates lung endothelial
TLR4/CD14 signaling but does not induce
endothelial apoptosis

Increased pCav-1 levels in lung ECs have been reported to be

TLR4/CD14-dependent, culminating in Cav-1 depletion via

shedding of extracellular vesicles and endothelial injury (12, 13).

Similarly, Sm-p40-mediated pCav-1 was at least in part, dependent

on the TLR4/CD14-mediated signaling pathway (Figures 4A, B) but

failed to induce significant shedding of extracellular vesicles in vitro,

compared to the positive control, the calcium ionophore A23187

(Figure 4C). Ex vivo data revealed an increase in the concentration

of circulating extracellular vesicles concentration in the plasma of

stimulated mice compared to controls, and this effect was reduced

by 26% by conditional deletion of endothelial Cav-1 expression

(Figure 4D). Finally, either 24 h or 48 h exposure to Sm-p40 was

unable to induce apoptosis in HMVEC-L compared to the positive

control staurosporine in vitro (Figures 4E, F), suggesting that S.
B C D

E F G

A

FIGURE 2

S. mansoni eggs induced pY14-Cav-1 and BMPR2 depletion, contributing to apoptosis within the lung microvasculature. (A, B) Lung phosphorylated
Cav-1 at residue Y14 (pCav-1; A), BMPR2 (B), and cleaved-Caspase-3 (cCasp3; C) expression in control (CTR) and S. mansoni egg- (IP/IV Eggs)
stimulated mice. (D, E) In situ apoptosis by TUNEL staining of the lung macrovasculature (macro: >100 µm) and microvasculature (micro: <100 µm).
(F, G) Lung sections from endothelial cell control (EC CTR) and IP/IV egg-stimulated EndSclCreERT2;Rosamt/mg (control) +/− Cav1fl/fl (EC-Cav1 KO)
mice showing the percentage of endothelial eGFP+ cells (green). Other non-recombined lung cells remained positive for tdTomato (red). Data were
analyzed by Student’s t-test and Kruskal–Wallis (n = 4–8 animals per group; ns, non-significant; *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1254762
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Marinho et al. 10.3389/fimmu.2023.1254762
mansoni egg-derived p40 activates TLR4/CD14/py14-Cav-1

signaling pathway, but additional host factors might be required

for lung endothelial injury and expansion of the abnormal vascular

phenotype observed in PAH.
3.5 S. mansoni egg stimulus disrupted the
host’s gut–lung microbiota contributing to
severe murine PH

Metagenomic analysis revealed that S. mansoni egg stimulation

disrupted the lung microbiome, leading to a significant reduction in

the Phylum Ascomycota compared to controls (Figures 5A-J). S.

mansoni eggs also reduced a-diversity in the lungs, whereas the

ratio Firmicutes : Bacteroidetes remained similar between groups

(Figures 5C-J). No difference was observed in Simpson and Chao

indices (Figures 5D, E). In the gut, the presence of eggs increased a-
diversity and did not alter the relative abundance of Deferribacteres

and Proteobacteria, but significantly increased the Firmicutes :

Bacteroidetes ratio, indicative of gut dysbiosis (Figures 5K-T).

Taken together, these findings indicate that S. mansoni egg

exposure disrupts the gut–lung host microbiota.

Indeed, S. mansoni egg stimulation promoted severe vascular

remodeling and increased RVSP and RVH (Figures 6A-D, J).

Although TLR4 activation plays a role in the development of

murine PH, the classical bacterial-derived TLR4 agonist LPS

alone did not induce murine PH (Figures 6E–I), suggesting that
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the combination of S. mansoni eggs, their antigens, and a disrupted

host microbiota plays a key role in the full establishment of Sch-

PAH (Figure 7).
4 Discussion

Lung endothelial Cav-1 participates in several processes, such as

the regulation of receptors and enzymes that are fundamental for EC

quiescence and physiology, including BMPR2 and eNOS. Previously,

we observed that pathogen-derived products, specifically bacterial LPS,

reduced endothelial Cav-1 expression and canonical BMPR2-P-

SMAD1/5/8 signaling, leading to exacerbated TGF-b-mediated

signaling within the lungs and contributing to inflammatory and

reversible microvascular remodeling (13). Indeed, BMPR2 deficiency

is known to promote cell death, endothelial-to-mesenchymal transition

(endoMT), and abnormal proliferation of pulmonary vascular cells,

including ECs, which contribute to the severe pulmonary vascular

remodeling observed in several subgroups of PAH (29–33). Moreover,

it has been shown that heterozygous Bmpr2+/− mice have increased S.

mansoni egg translocation in the lungs via enlarged hepatic sinusoids

(34), and Bmpr2+R899X loss-of-function mutant mice develop

“spontaneous” PH, reinforcing the crucial role of this signaling

pathway in the development of PAH, including the infectious

disease (35).

Apoptosis-resistant cell growth and endoMT have been

extensively described in PAH (19, 20, 36). Despite how the
B C D

E F G H

A

FIGURE 3

S. mansoni p40 activates lung microvascular endothelial cells leading to mild depletion of Cav-1. (A) S. mansoni p40 (Sm-p40) antigen accounts for
40% of the total egg antigen (SEA). (B, C) Sm-p40-treated (10 to 1,000 ng/ml) and untreated control human pulmonary artery endothelial cells
(HPAECs; 3rd–7th passage) were used to evaluate of the Cav-1 and VE-cadherin expression (48 h). (D-H) Sm-p40 antigen-treated (10 to 1,000 ng/
ml) and untreated control human lung microvascular lung endothelial cells (HMVEC-L; 3rd–7th passage) were used to measure the total and
phosphorylated (P) expression of endothelial nitric oxide synthase (eNOS), Caveolin-1 (Cav-1), and Src. Data were analyzed by one-way ANOVA
followed by the post hoc Dunnett test for statistical comparisons of normally distributed data (n = three different cultures and three Sm-p40
batches; *P <0.05; **P <0.01; ns, non-significant).
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process is entitled, it has become substantially evident that

chronically injured endothelium leads to remodeling of the lung

vasculature over time. Although the initiating events that promote

alterations in healthy endothelium remain unclear, it is possible that

chronic exposure to pathogens and their PAMPs induces EC

dysfunction and selective survival of an abnormal EC phenotype.

Previously, we showed that mesentery ECs from S. mansoni-

infected mice maintained epigenetic memory of the infection in

vitro (21, 37). This memory is characterized by dysfunctional

purinergic signaling, reduced nitric oxide levels, and elevated EC–

leukocyte interactions. However, whether and how lung ECs

generate inflammatory memory in pathogen-induced vascular

disease is still unknown. EC injury in IPAH and animal models

of hypoxia-induced PH is associated with Cav-1 phosphorylation

and depletion via shedding of extracellular vesicles into the

circulation (13). Despite previous studies’ findings on EC- Cav-1/

BMPR2 depletion as an important switch towards endothelial

dysfunction (21, 31, 35), more specific information about what

triggers the process remains unclear. Here, we observed that

pathogens can contribute to EC-Cav-1/BMPR2 depletion and

initiate Sch-PAH. Specifically, our data also indicate that S.

mansoni egg antigen p40 increases pY14-Cav-1 in lung
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microvascular ECs, culminating in its depletion. Further

molecular studies are needed to investigate how the Cav-1/

BMPR2 interaction modulates signaling in ECs.

S. mansoni eggs and soluble egg antigens (i.e., SEA) have been

described as key players during the inflammatory process by

modulating the Th1/Th2 polarization observed in the disease

(38), but little is known about their effects on lung EC function.

Among SEA, the Sm-p40 antigen is a 40 kDa glycoprotein reported

as the immunodominant egg antigen (28). Sm-p40 is also one of the

most abundant antigenic molecules, accounting for approximately

40% of the total SEA, and is capable of inducing a strong Th1-

associated response (39). In contrast, other antigenic molecules in

SEA, including omega-1 (40), contribute to inducing a potent Th2-

associated response by elevating IL-13 expression (41). During

schistosomiasis, Th2-derived IL-4/IL-13 contributes to the

activation of macrophage-derived TGF-b, leading to severe

pulmonary vascular remodeling (2). While an exacerbated Th1

response contributes to cell injury, Th2-derived IL-13 also promotes

the migration of abnormal lung ECs (42), indicating that pathogen-

induced Th1/2-endothelial communication is critical for the

expansion of an abnormal EC phenotype. Finally, based on

previous and current findings, it is undeniable that egg-mediated
B C

D E F

A

FIGURE 4

S. mansoni p40 activates TLR4 but fails to induce lung endothelial vesicle shedding or apoptosis. (A, B) Secreted alkaline phosphatase (SEAP) activity

was measured in the supernatant of HEK-Blue™ hTLR4 cells 48 h after treatment with 1,000 ng/ml S. mansoni egg antigen p40 (Sm-p40) and
lipopolysaccharide (LPS). Alternatively, cells were transfected with mutant Cav1Y14F and control cDNA. (C) Untreated HMVEC-L, A23187, and Sm-
p40-treated cells were used to quantify extracellular vesicles. (D) Plasma from uninfected controls (CTR and endothelial cell CTR) and
intraperitoneal/intravenous eggs (IP/IV Eggs) stimulated EndSclCreERT2;Rosamt/mg (control) +/− Cav1fl/fl (ECKO) mice were used to quantify
extracellular vesicles. (E, F) Flow cytometry dot plot and graphical quantification of the apoptotic positive % of control and Sm-p40 or Staurosporine
(STS)-treated HMVEC-L for 24 h and 48 h. Data were analyzed by one-way ANOVA followed by the post hoc Dunnett test for normally distributed
data (n = three mice/group and three different cultures; ns, non-significant; *P <0.05; ****P <0.0001).
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Th2-related events, including recruitment of Th2 CD4+

lymphocytes, increased thrombospondin synthesis, and

macrophage-derived TGF-b secretion and activation, are critical

biological events for progression towards a severely remodeled and

inflamed pulmonary vasculature. However, it is also evident that

Th1-related tissue damage is an important initial step in the

inflammatory cascade.

It is not novel that pathogens and their antigenic molecules

activate receptors on professional immune cells or ECs,

contributing to the inflammatory response. However, the

mechanism by which this interaction modulates immunity is

unclear. Our data revealed that Sm-p40 antigen activates TLR4/

CD14, contributing to Cav-1 phosphorylation and depletion in

vitro. Moreover, in vivo, we observed that infection significantly

reduced Cav-1 and BMPR2 expression and promoted significant

pulmonary vascular injury and remodeling. Although only eggs are

sufficient to induce significant remodeling in the lung vasculature,
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our data indicated that altered gut–lung microbiota also participates

in this process. More than 30 years ago, evidence revealed that a

milder schistosomiasis-associated inflammatory response is

observed in germ-free mice (43), supporting our observations that

intrinsic microbiota disruption contributes to the inflammatory

process underlying Sch-PAH. Indeed, percutaneous S. mansoni

infection reveals pathogen transposition from the gut mesentery

into the lungs (4). Gastrointestinal damage and gut dysbiosis have

been previously reported (44, 45), with infection with female and

male S. mansoni contributes to a higher murine susceptibility to

colitis and preclinical inflammatory bowel disease, but to the best of

our knowledge, the role of gut dysbiosis and lung microbiome in the

development of Sch-PAH has been elusive until now.

Recently, several studies have supported the idea of translocating

microorganisms and their metabolites from the gut environment into

the lungs (46–49). Similarly to our data, Callejo et al. (47), described

significant changes in the gut microbiome in hypoxia and SU5416-
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FIGURE 5

S. mansoni egg stimulus induced gut–lung microbiome dysbiosis in mice model of PH. Lung tissue (A–J) and fecal pellets (K–T) from uninfected
control (CTR; black bars) and S. mansoni intraperitoneal/intravenous eggs (IP/IV Eggs) stimulated mice (dark gray bars) were used for whole genome
sequencing and metagenomic analysis using the One Codex Database (access date: 07/24/2023). (B, P) Readcount % of top 4 frequent Phyla:
Proteobacteria (F, lung) or Deferribacteres (P, gut) (blue), Firmicutes (G, Q, yellow), Ascomycota (H, lung) or Proteobacteria (R, gut) (green),
Bacteroidetes (S, red), and others (pink). (C–E) a-diversity (expressed as Readcount_with_Children (lung) and Abundance (gut): Shannon diversity
index (C, M), Simpson index (D, N), and Chao index (Observed taxa at the species level; E, O). (J, T) Firmicutes : Bacteroidetes ratios in the lungs and
gut. Data were analyzed using Student’s t-test and Mann–Whitney test (n = 6–11 mice/group; ns, non-significant; *P <0.05; **P <0.01).
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induced PH model in rats, including increased Firmicutes/

Bacteroidetes ratio compared to controls. Another recent study by

Moutsoglou et al. also provided translational evidence for gut

dysbiosis and circulating metabolites in patients with PAH (49, 50),

reinforcing the role of disruption of the human gut microbiota

disruption in the development of PAH. In fact, knowledge of the

mechanisms underlying the microbiome and its role in health and

disease remains recent, especially when evaluating the lung

environment. To the best of our knowledge, our data provide the

first evidence of lung microbiome dysbiosis in Sch-PAH, indicating

that reduced a-diversity, especially the reduced percentage of the

phylum Ascomycota, may play an important role in the disease. The
Frontiers in Immunology 11
microbiome is a reservoir for antimicrobial resistance genes, and the

phylum Ascomycota comprises several anti-inflammatory and

antibiotic-producing microorganisms that are relevant for human

health. However, we recognize that the limited percentage of

microorganisms in the lungs indicates the urgent need for further

investigation and novel technical approaches to reveal the specific

details of microorganisms, their PRRs, and associated signaling

pathways in health and disease. For example, a deeper mycobiome

analysis may reveal important information about other non-bacterial

microorganisms that contribute to the development of PH. Thus,

although our study highlights important associations between

schistosomiasis, gut–lung microbiome dysbiosis, and the
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FIGURE 6

Schistosoma mansoni egg stimulation induces severe pulmonary hypertension in mice. Control (CTR), lipopolysaccharide (LPS)-treated (E–I), and S.
mansoni intraperitoneal/intravenous egg (IP/IV Egg) stimulated (A–D, J) mice were used to evaluate of the right ventricular systolic pressure (RVSP),
right ventricular hypertrophy (RVH; Fulton index), pulmonary microvascular thickness and area using Masson’s trichome staining. LPS control (white
bars), LPS-treated (light gray bars), uninfected CTR (black bars), and S. mansoni IP/IV egg-stimulated mice (dark gray bars). Data were analyzed using
Student’s t-test (n = 5–10 mice/group; ns, non-significant; **P <0.01; ***P <0.001; ****P <0.0001).
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development of PH in an animal model, establishing a direct

mechanistic link remains challenging. A comprehensive approach,

involving manipulating the microbiome and using human-derived

samples would likely provide deeper insights into these intricate

cause/effect relationships. Moreover, among the PRRs relevant to

pathogen recognition and inflammatory response, TLR4−/−mice have

been reported to be resistant to the development of hypoxia-induced

PH in mice; however, our previous and current data indicate that

LPS-induced TLR4 activation alone promoted only reversible

remodeling of the pulmonary vasculature (13) with no significant

increase in RVSP or RVH in mice. On the other hand, exposure to S.

mansoni eggs and their antigens promoted severe remodeling of the

pulmonary vasculature and elevated RVSP and RVH, indicating that

the parasite eggs contain crucial molecules with a high potential to

uncover a novel signaling pathway and trigger molecular targets to

understand the onset and progression of PAH and for the

development of future target therapeutic approaches to cure or

ameliorate the morbidity associated with the disease.
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FIGURE 7

S. mansoni egg stimulation induces gut–lung microbiome dysbiosis and severe pulmonary hypertension in mice. Sch-PAH is a life-threatening complication
of chronic S. mansoni infection that leads to heart failure and eventual death. Abnormal ECs that are resistant to apoptosis, contribute to disease progression.
Reduction of Cav-1 and BMPR2 expression shifts EC quiescence towards an abnormal death-resistant cell phenotype. Gut–lung microbiome disruption, S.
mansoni eggs, and antigens play crucial roles in promoting abnormal EC expansion. In vitro, the immunodominant Sm-p40 antigen induced TLR4/CD14-
mediated Cav-1 phosphorylation culminating in Cav-1 depletion. In vivo, infection induces microvascular cell death and severe pulmonary vascular
remodeling, leading to elevated right ventricular systolic pressure and hypertrophy, which are characteristics of PAH.
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