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ABSTRACT OF THE THESIS 

 

 

The Role of Interleukin-33 in the Progression of Pulmonary Arterial Hypertension  

Through an ST2/MyD88 Pathway 

 

by 
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Mark Fuster, Chair 

Kathleen French, Co-Chair 

 

Pulmonary arterial hypertension (PAH) is a multifactorial disorder characterized by 

elevated right ventricle pressures (RVP) and pulmonary vascular resistance (PVR) thought to 

result from pulmonary vascular remodeling. Currently, there is no cure for PAH, but 

inflammatory mechanisms have been implicated in playing a role. Previously, members of our 
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group measured elevated levels of interleukin-33 (IL-33) in Group 1 PAH patient serum. This 

alarmin, “danger” signal, is expressed by endothelial cells and its signaling can either repair the 

endothelial layer or, if the danger signals persist, contribute to uncontrolled proliferation. Thus, 

we hypothesized that pulmonary vascular remodeling in PAH is regulated by an IL-33-dependent 

pathway. To test this hypothesis, PAH was induced in adult C57BL/6J (wild-type, WT) mice, IL-

33 receptor gene-ablated mice (ST2 -/-), in mice with a gene deletion of the upstream adaptor, 

MyD88 (MyD88 -/-), and in a strain with a conditional, endothelial-specific IL-33 gene-targeted 

inactivation using IL33 floxed and Tek-Cre transgenes [Tek-Cre (+/-)::IL33fl/fl]. Body weight, 

RVP, pulmonary vascular remodeling and endothelial cell proliferation were evaluated. PAH 

was induced using 10% hypoxia and weekly injections of the VEGF receptor antagonist, SU5416 

(20 mg/kg) for three weeks (SuHx). The control condition was vehicle and room air, 

(DMSO/RA).  RVP were measured by right heart catheterization in anesthetized mice. 

Pulmonary vascular wall thickness was morphometrically analyzed from paraffin-embedded 

H&E sections. Endothelial cell proliferation was analyzed by flow cytometry. Following SuHx 

conditions: all mice lost weight, except for MyD88 -/- mice, and RVP were increased in WT and 

Tek-Cre::IL33fl/fl mice, but attenuated in ST2 -/-, and MyD88 -/- mice. Pulmonary vascular wall 

thickening increased in WT-SuHx males and Tek-Cre::IL-33fl/fl males, but not in SuHx-female 

mice for any strain. SuHx-WT male mice demonstrated increased endothelial cell proliferation 

compared to WT-Control mice. These data suggest that the IL-33-receptor, ST2, and MyD88 

signaling may play a role in the PAH vascular remodeling and disease progression. Further 

understanding of IL-33-mediated signaling that regulates endothelial cell proliferation, 

remodeling and cytokine activation may provide a better understanding of the disease and its 

advancement and allow the design of new treatment strategies for PAH.



1 
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Pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH) is a rare multifactorial cardiopulmonary disorder 

with about 15-50 cases per million (Peacock et al., 2007; Schermuly et al., 2011; Semen et al., 

2016). This severe form of pulmonary hypertension is progressive and eventually leads to right 

heart failure and premature death (Demerouti et al., 2013). PAH is characterized by occlusive 

arteriopathy that is associated with high resting right ventricular pressures (RVP), greater than or 

equal to 25 mmHg, and increased pulmonary vascular resistance (PVR), greater than three 

Woods Units (240 dyn.s.cm-5), much higher than the average range of 0.3 – 1.6 Woods Units 

(Voelkel et al., 2012; Simonneau et al., 2013). This rise in RVP and PVR results from extensive 

cellular proliferation that leads to obliterative alterations in both structure and function of the 

endothelium, which are primarily prevalent in the small to midsized pulmonary arterioles 

(Schermuly et al., 2011; Rabinovitch et al., 2014). 

Current treatments and therapies for PAH 

Treatment of PAH is complex and will optimally involve a range of options aiming to 

relieve symptoms, delay disease progression and improve the resulting physical limitations 

(Barst et al., 2009). For example, supplemental oxygen has been used as a therapy to improve 

comfort and provide symptomatic relief. Oral anticoagulants may also be prescribed to patients 

with idiopathic PAH (IPAH), as they are prone to in situ thrombosis due to the narrowing of the 

small pulmonary arteries. Diuretics may also be used to alleviate symptoms in fluid-overloaded 

patients with decompensated right heart failure associated with PAH. For patients with advanced 

and severe forms of PAH, surgery may be the only remaining option. In these cases, a balloon 

atrial septostomy may be performed in which a small hole is created between the right and left 

atria to allow blood to pass directly over to the left heart. While this effectively improves 
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systemic oxygen transport, and thus decreases the pressure on the heart, it also results in 

hypoxemia. When all else fails, lung or lung and heart transplantation may be the only options 

that remain (Galiè et al., 2004; Galiè et al., 2009; Badesch et al., 2007).  

In recent years, the focus has been greatly shifted towards the perivascular inflammation 

and cell proliferation that is often observed in patients with PAH. These therapies focus on 

dilating the partially occluded vessels, and they may target pathways that increase production of 

nitric oxide (Pepke-Zaba et al., 1991). Other treatments may target endothelin, a vasoconstrictor 

that promotes cell growth within blood vessels and results in lesions, by using drugs called 

endothelin receptor antagonist which function as weak antiproliferative agents by blocking its 

receptors. However, even with the currently available therapies, mortality remains high, and no 

therapy has been able to inhibit or reverse the pulmonary vascular remodeling and occlusive 

arteriopathy characteristic of PAH. To date, there is no cure for PAH and prognosis remains 

poor, but inflammatory mechanisms have been implicated in playing a role (Rabinovitch et al., 

2014; Jafri et al., 2017). 

Immunity, inflammation and interleukin-33: in the role of PAH 

A wealth of research has indicated that immunity and inflammation play a crucial role in 

the pathogenesis of PAH (Jafri et al., 2017). In fact, studies in experimental PAH models have 

suggested that inflammation precedes vascular remodeling and is thus a cause rather than a 

consequence of PAH (Tamosiuniene et al., 2011). Beyond these findings, studies have also 

observed that certain cytokines, including interleukin (IL)-1β, IL-6, and IL-8, are abnormally 

elevated in PAH patients, may be indicative of disease progression, and thus may function as 

important biomarkers not only for PAH but other cardiovascular diseases as well (Soon et al., 
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2010). Furthermore, members of our group previously measured elevated levels of IL-33 in the 

serum of patients with Group 1 PAH. 

IL-33 is a cytokine and member of the IL-1 superfamily whose members have essential  

functions in host defense, immune regulation and inflammation. A key player in innate and 

adaptive immunity, IL-33 can initiate a plethora of biological effects all directed towards the 

restoration of tissue homeostasis and in response to environmental stresses (Liew et al., 2016; 

Braun et al., 2018). More specifically, IL-33 has been shown to act as an alarmin, a “danger” 

signal, and is constitutively expressed by endothelial and epithelial cells of barrier tissues, such 

as the lung, which release IL-33 in response to damage, injury or necrosis (Moussion et al., 2008; 

Cayrol et al., 2018). Since its discovery, it became evident that IL-33 plays a vital role in tissue 

homeostasis; however, uncontrolled and inappropriate activity can have deleterious effects. 

Recent studies have demonstrated a link between IL-33 administration or overexpression to 

fibrotic diseases (Li et al., 2014). For example, activation of IL-33 signaling can either repair the 

endothelial layer or, if the danger signals persist, contribute to uncontrolled proliferation and the 

initiation of an amplified cytokine response (Demyanets et al., 2011).  

IL-33 signaling 

IL-33 is produced as a 30–kDa precursor that when cleaved by caspase-1 is released as an 

18–kDa mature form (Choi et al., 2009). Its signaling begins when it is bound by the receptor 

suppressor of tumorigenicity 2 (ST2), which plays an important role as an effector molecule of T 

helper type 2 responses (Schmitz et al. 2005). Binding of IL-33 to ST2L results in ST2 signaling 

that is characteristic of the Toll-like receptor-IL-1 receptor (TLR-IL-1R) superfamily (O’Neill et 

al., 2007; Lott et al., 2015).  
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When IL-33 binds to ST2, it induces a conformational change that allows the receptor to 

recruit IL-1 receptor accessory protein (IL-1RAcP), a co-receptor shared with other IL-1 family 

members, including IL-1 and IL-36, leading to the formation of a heterodimeric signaling 

complex (Liu et al., 2013). This complex is then able to induce signaling through recruitment of 

myeloid differentiation primary response protein 88 (MyD88), IL-1R-associated kinase 1 

(IRAK1), IRAK4, and tumor necrosis factor (TNF) receptor-associated factor (TRAF6), that 

ultimately activate mitogen-activated protein kinases (MAPKs), such as extracellular signal-

regulated kinase (ERK), p38, c-Jun N-terminal kinase (JNK), and nuclear factor-κB (NF-κB), a 

transcription factor for many proinflammatory genes (Schmitz et al., 2005). This signaling 

cascade results in proliferation, cell survival, type 2 cytokine secretion, IL-5 and IL-13, and 

amphiregulin (AREG) expression by ST2+ cells all of which support wound healing, tissue 

repair, as well as enhance immune regulatory functions by activation of a potent inflammatory 

response (Poynter et al., 2002; Schmitz et al., 2005; Price et al., 2010; Lott et al., 2015; Liew et 

al., 2016; Schwartz et al., 2016).  

Inhibition of IL-33 signaling may be carried out by binding of soluble ST2 (sST2) to IL-

33 that then prevents its signaling (Boraschi et al., 2018). Another way is through 

phosphorylation and ubiquitylation of ST2 that leads to its internalization and degradation (Liew 

et al., 2016). Moreover, studies have shown that ST2 gene deficiency results in a delayed 

immune response to lung damage and generation of T helper type 2 (TH2) cytokine responses 

(Townsend et al., 2000). It should be noted that IL-33 is not the only ligand for this receptor and 

that two other putative ligands have been reported; however, neither of these two can activate 

NF-κB, nor are they members of the IL-1 cytokine family (Gayle et al., 1996).  
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As we have just described, MyD88 is an essential player in IL-33’s signaling pathway. 

Previously, members of our group studied a MyD88 gene-deficient mouse strain (MyD88 -/-) to 

gain insight into the effect of this common adaptor protein in the signaling of many Toll-like 

receptors (TLR). It was known that all TLRs contain TLR/IL-1 receptor resistance (TIR) 

domains. Their studies were able to define a surface on these TIR domains that is responsible for 

not only mediating the association between TLRs and MyD88, but that is also required for their 

oligomerization. These findings suggested that MyD88 interacts with individual TLRs in a 

specific manner, making it a compelling target for TIR domain receptor blockade that could 

potentially render them powerless (Jiang et al., 2006).  

We have described the signaling pathway for IL-33 and how it ultimately results in 

activation of an inflammatory response. We have also touched on the fact that it is expressed and 

secreted by endothelial cells, but in fact, studies have reported that IL-33 is highly expressed by 

endothelial cells and thus have an important relationship (Carriere et al., 2007; Küchler et al., 

2008; Moussion et al., 2008; Liew et al., 2010). As such, our focus will now shift towards 

endothelial cell expression of IL-33 and how it relates to PAH. 

A closer look at endothelial cells and PAH 

 Severe PAH is characterized by structural changes to the small pulmonary arterioles. 

These changes that result in the remodeling of the pulmonary vasculature are thought to be the 

result of endothelial cell proliferation (Tuder et al., 1994; Sakao et al., 2009).  In endothelial 

cells, IL-33 has been shown to activate an inflammatory response which is evident through the 

increase in inflammatory cytokine production, vascular permeability, expression of adhesion 

molecules, stimulation of angiogenesis, and a decrease in cell stability (Choi et al., 2009; 

Demyanets et al., 2011; Chalubinski et al., 2015); Umebashi et al., 2018). Other studies have also 
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reported that IL-33 secretion by endothelial cells was crucial in converting myocardial pressure 

overload into a selective systemic inflammatory response and that it could potentially affect the 

vasculature and other organs (Chen et al., 2015). A study on pulmonary artery endothelial cells 

(PAEC) derived from IPAH compared these to those from healthy human lungs. This group 

observed that PAEC from IPAH where higher in number, had decreased apoptosis increased 

migratory behavior when compared to those from healthy lungs (Masri et al., 2007). 

Interestingly, a recent study by Suresh et al. focusing on the mechanisms that lead to endothelial 

cell dysfunction in PAH reported that lung microvascular endothelial cells (MVEC) from a SuHx 

rat PAH model were not only larger but also expressed smooth muscle cell markers. Here, in 

addition to the enhanced proliferative and migratory phenotypes, they also reported that SuHx-

MVEC had dysfunctional mitochondria. This group showed that treatment with global or 

mitochondria-specific antioxidants led to a decrease in both migration and proliferation of SuHx-

MVEC as ROS levels and basal calcium levels were decreased (Suresh et al., 2018).  

Thus, in this study, we hypothesized that pulmonary vascular remodeling in PAH is 

regulated by an IL-33-dependent pathway that initiates hyperproliferation of the vascular 

endothelial cells and that inefficient downregulation of IL-33 activity could contribute to the 

aberrant vascular remodeling characteristic of PAH. To test this hypothesis, we used the current 

best murine model for pulmonary arterial hypertension, the Sugen 5416/Hypoxia model.  

Much remains to be understood about the role of IL-33 in the progression of PAH. In this 

study, we report that IL-33 may have an important effect on PAH through an ST2/MyD88 

pathway. This effect was studied by monitoring right ventricle pressures and cardiac function 

through right heart catheterization in groups exposed to Sugen 5416/Hypoxia treatment and 

compared these to the control, DMSO/RA, groups. We also measured pulmonary vascular 
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remodeling across all groups using histological techniques. Lastly, we assessed pulmonary 

endothelial cell proliferation after exposure to treatment and control conditions.   
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MATERIALS AND METHODS 
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Animals. All animal protocols were reviewed, approved and monitored by the 

Institutional Animal Care and Use Committee of the Veterans Administration San Diego 

Healthcare System (VASDHS) (VA Medical Center, La Jolla). Mouse strains included male and 

female C57BL/6J (wild-type: WT) mice purchased at 8-10 weeks of age from the Jackson 

Laboratory (Bar Harbor, ME).  

An ST2 deficient mouse strain (ST2 -/-) was used to investigate the role that IL-33 plays 

in the progression of PAH. This ST2 -/- strain lacks the soluble, sST2, and membrane-bound, 

ST2L, forms of the ST2 receptor that bind to IL-33. These mice were obtained from Dr. Kenji 

Nakanishi (Hyogo College of Medicine, Hyogo, Japan) (Hoshino et al., 1999). Since the effect of 

ST2 in a PAH model was unknown, our goal was to further understand the role this receptor 

plays in IL-33 signaling in the development of PAH. 

A MyD88 deficient mouse strain (MyD88 -/-) originally developed and provided by Dr. 

Shizuo Akira (Osaka University, Osaka, Japan) (Adachi et al., 1998) was used to study the role 

of this adaptor protein in the progression of PAH.  

WT and mutant strains were housed and bred within the Barrier Facility at the VASDHS 

(VA Medical Center, La Jolla), maintained under standard laboratory conditions with controlled 

temperatures, fed a standard diet, Teklad 7001, ad libitum, from Harlan Laboratories (Madison, 

WI), and kept under a 12-hour dark and light cycle. Mice used in this study were harvested at 

3.25 - 4 months of age. All mouse lines are on a C57BL/6J background strain.  

 

Development of the Tek-Cre:: IL33fl/fl mouse. The constitutive, endothelial cell-specific 

IL33 deficient mouse model was generated using the following transgenic mouse lines: A 

homozygous IL33 floxed mouse, provided by Dr. Richard Lee (Harvard Medical School, Boston, 
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MA) (Chen et al., 2015), was intercrossed with a heterozygous Tie2-Cre(+/-) transgenic mouse 

that expresses Cre recombinase under the regulation of an endothelial-specific, Tie2 (also 

referred to as Tek), promoter/enhancer (Kisanuki et al, 2001). 

In the IL33 floxed mouse, the Cre-loxP system was employed to develop IL33 conditional 

mutant mice by introducing two loxP sites into the IL33 locus that flanks exons five through 

seven. Tek is a tyrosine receptor kinase that is the angiopoietin receptor that is expressed in 

endothelial cells. Thus, the promoter of this gene will restrict expression of the fused Cre 

recombinase protein to express only in endothelial cells such that when we cross an IL33 floxed 

mouse with a heterozygous Tek-Cre (+/-) mouse, IL33 will be selectively deleted in endothelial 

cells. The resulting mouse is what we refer to as a Tek-Cre(+/-)::IL33fl/ fl mouse. The Tek-Cre(-/-

)::IL33fl/fl littermates that lack the Cre recombinase gene were used as controls in this study. Tek-

Cre(+/-) mice were purchased from the Jackson Laboratory (stock no. 008863, Bar Harbor, ME) 

and backcrossed five times on a C57Bl/6J background. Of the 68 mice used for the Tek-

Cre::IL33fl/fl mouse line, 33 were positive (Tek-Cre(+/-)), and 35 were negative (Tek-Cre(-/-)). 

All were homozygous IL33 floxed mice.  

Genotyping was performed by PCR amplification of tail DNA isolated using hot sodium 

hydroxide and Tris HotShot lysis (Truett et al., 2000). The PCR primers for the floxed IL33 

alleles were forward 5’-aacctcctggtcaatattcagt-3’ and reverse 5’- ccgcctactgcgactataga-3’. The 

PCR primers for the wild-type IL33 alleles were forward 5’- caagtctggtctccagcaac-3’ and reverse 

5’-agcaagaacggaccagatgta-3’. The PCR primers for Cre recombinase were forward 5’- 

gcggtctggcagtaaaaactatc-3’ and reverse 5’- gtgaaacagcattgctgtcactt-3’. The PCR primers for 

internal controls were forward 5’- ctaggccacagaattgaaagatct-3’ and reverse 5’- 

gtaggtggaaattctagcatcatcc-3’. PCR amplification of the floxed and wild-type IL-33 transgenes 
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was performed with the following program: 60 seconds at 94°C for polymerase activation, 35 

cycles of 30 seconds at 94°C for denaturation, 30 seconds at 59°C for annealing, 60 seconds at 

72°C for elongation, and five minutes at 72°C for a single final extension. The PCR conditions 

for the Cre recombinase transgene differed from those described previously as follows: a three-

minute incubation at 94°C for polymerase activation, 60 seconds at 51.7°C for annealing, and 

two minutes at 72°C for a single final extension. All PCR products were loaded onto 1.5% 

agarose (Sigma-Aldrich) gels containing SYBR ® Safe DNA gel stain (Invitrogen, by Thermo 

Fisher Scientific) and electrophoresed in 1X Tris-Acetate-EDTA (TAE) buffer for analysis and 

confirmation of genotypes.  

 

Hypoxia/Sugen 5416 mouse model. To investigate the role of IL-33 in PAH, we used 

the current best mouse model that leads to an exaggerated form of pulmonary hypertension (PH), 

the Sugen 5416 (SU5416) and hypoxia model (Ciuclan et al., 2011). WT and mutant mice were 

exposed to chronic hypoxia (10% O2) for three weeks in a hypoxia chamber (Biospherix, 

Lacona, NY) and received weekly subcutaneous (S.C.) injections of SU5416 (20 mg/ kg in 

DMSO; Cayman Chemical) to induce PAH, or they were exposed to room air conditions (21% 

O2) and given weekly S.C. injections of vehicle, DMSO, as the control condition. SU5416, also 

referred to as Semaxanib, is a potent synthetic inhibitor of the vascular endothelial growth factor 

(VEGF) receptor tyrosine kinase that targets the VEGF pathway. In vivo and in vitro studies have 

demonstrated SU5416’s antiangiogenic potential, indicating that it inhibits normal endothelial 

cell growth and homeostasis (Fong et al., 1999). SU5416 (50 mg) was dissolved in 5 ml of 

DMSO, aliquoted and stored at -80° C. Each mouse was weighed prior to harvest.  
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In vivo measurements of right ventricular pressures. Mice were anesthetized by 

continuously delivering 2.5% isoflurane through a nose cone, and their body temperature was 

maintained at 37°C. The right jugular vein was exposed, and 3-0 silk sutures were used to tie off 

the distal part of the vein and to loosely wrap around the proximal region. At this point, 

mechanical ventilation of the mouse was reduced to deliver 1.5% isoflurane. A small incision 

was made between the two sutures, and the vein was cannulated using a 1.4-French microtip 

pressure transducer (Millar SPR839, Millar Instruments, Houston, TX). The transducer was then 

advanced into the right ventricle until wave tracings were identified. The transducer was then 

secured with the distal suture and pressures were continuously monitored and recorded. Data 

were analyzed with an Emka IOX version 1.8 software program (Emka Technologies, Falls 

Church, VA). Upon completion of data collection, mechanical ventilation was increased to place 

mice under deep anesthesia, a median sternotomy was performed to access the heart, and mice 

were exsanguinated by cardiac puncture for blood collection which was then processed for future 

analysis.  

 

Perfusion and embedding of lung tissue. Immediately after harvest, the left atrium was 

excised, the pulmonary artery was cannulated, and lungs were perfused with PBS for two 

minutes. The left lung was then isolated, removed and flash frozen for future analyses. The right 

lung was inflated and fixed with 0.75 ml of 10% formalin instilled through the trachea and stored 

in 10% formalin overnight. Lungs were then dehydrated and embedded in paraffin.   

 

Pulmonary arterial (PA) wall thickness. To quantitate PA wall thickness, the paraffin-

embedded right lobes of the lung were cut into 5 µm thick sections, stained with hematoxylin 
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and eosin (H&E), and slides were scanned with a Hamamatsu 2.0-HT Nanozoomer Slide 

Scanning System (Hamamatsu Corporation, Bridgewater, NJ) at the UCSD Microscopy Core (La 

Jolla, CA). The total vascular area at the adventitial border and the lumen area at the basement 

membrane were outlined and measured using the Nanozoomer Digital Pathology 

NDP.view2software. The PA wall thickness in arteries with 50-100 µm diameter was calculated 

as follows: wall thickness = (total vascular area – lumen area)/total vascular area. Data are 

presented as changes as a ratio of wall area to total vessel area (Ma et al., 2011).  

 

Detection of actively proliferating endothelial cells in lung tissue. To assess and 

confirm pulmonary endothelial cell proliferation in our SU5416/Hypoxia murine model, mice 

were injected intraperitoneally (I.P.) with 5-bromo-2′deoxyuridine (BrdU, B5002 Sigma) at a 

dose of 50 mg/kg body mass for seven consecutive days prior to harvest. The left pulmonary 

lobe was removed, minced, and digested with Collagenase and DNase type 1 from Sigma-

Aldrich added to a final concentration of 0.2% and 100 µg/ml, respectively, in DMEM (GIBCO). 

Samples were incubated while gently shaking at 37°C for 30-45 minutes. A cell suspension was 

made by passing the digested lungs through a 40 µm cell strainer (BD Falcon) and washing by 

centrifugation. The cells were stained for flow cytometry (Guava easyCyte 8HT; Millipore, 

Boston, MA) using standard procedures for antibodies. Antibodies used: anti-CD31 (dilution 

1:100, Cat. No. 550274, BD Pharmingen, Franklin Lakes, NJ), CD31 FITC (dilution 1:100, 

clone 390, 11-0311-82, eBioscience) and anti-BrdU (dilution 1:100, clone: BU20A, 

eBioscience)-PE. Flow cytometry data were analyzed using the FlowJo Software (Tri Star Inc., 

Ashland, OR). 



15 
 

Statistical analyses. A two-way ANOVA was used to detect differences between the 

genotypes and conditions, followed by Tukey’s post-hoc tests to identify specific differences in 

body weight, hemodynamic parameters and PA wall thickness between the experimental groups. 

Student’s t-test was used to compare the average percentage of BrdU+ and CD31+ cells in 

control, DMSO/RA, and SuHx groups when only WT male mice were used. Data are represented 

as means ± SD. A value of P < 0.05 was considered a significant difference. Data were analyzed 

using Prism (Graph Pad, San Diego, CA) software.  
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RESULTS: CHAPTER I 
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Figure 1: Body weight was preserved in male and female MyD88 -/- mice exposed to 

SU5416/Hypoxia (SuHx). * indicates a difference between treatment groups for the same 

genotype. # indicates a difference between genotypes under the same conditions. Male mice, n = 

9-23. Female mice, n = 6-15. P < 0.05. 

 

 

Body weight. We compared body weight changes in ST2 -/- and MyD88 -/- mice to that 

of C57BL/6J, wild-type (WT) mice. Figure 1 shows that body weight was decreased by 11% in 

WT and 15% in  ST2 -/- males, but not in MyD88 -/- male mice after the three-week chronic 

exposure to 10% oxygen and weekly s. c. injections of SU5416 (SuHx), (Control vs SuHx males; 

WT: 26.44 ± 2.37 g vs. 23.89 ± 1.71 g, P < 0.05; ST2 -/-: 27.00 ± 2.99 g vs. 23.05 ± 3.02g, P ≤ 

0.01; MyD88 -/-: 26.33 ± 2.09 g vs. 24.54 ± 2.93 g, P = NS). Only ST2 -/- females lost 12% of 

their body weight under SuHx conditions (Control vs SuHx females; WT: 19.41 ± 0.88 g vs. 

18.95 ± 2.28 g, P = NS; ST2 -/-: 20.44 ± 1.93 g vs. 17.82 ± 1.98 g, P ≤ 0.05; MyD88 -/-: 20.87 ± 

3.43 g vs. 22.07 ± 1.79 g, P = NS). Under SuHx conditions, female MyD88 -/- mice were able to 

significantly preserve their body weight compared to WT females (P ≤ 0.01) and ST2 -/- females 

(P ≤ 0.0001).  
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A  

 

 

B 

          

 
Figure 2: Right ventricle pressures are attenuated in mice that do not express the IL-33 

receptor, ST2, or the upstream innate immune adaptor protein, MyD88. (A) Peak RVP. (B) 

Mean RVP. * indicates a difference under SuHx conditions within the same genotype. # 

indicates a difference compared to the other genotypes under the same condition. Male mice, n = 

9-15. Female mice, n = 6-11. P < 0.05. 

 

Right ventricular pressures were attenuated in ST2 -/- and MyD88 -/- mice. We 

assessed the effect of SuHx on anesthetized mice through right heart catheterization by 

measuring and monitoring their peak and mean right ventricular pressures using a pressure-

conductance transducer. Figure 2A shows that compared with mice maintained in control 
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conditions, WT mice exposed to SuHx peak RVP increased by 63%. In ST2 -/- mice peak RVP 

increased yet these values were still 30% lower than that of WT-SuHx mice. In MyD88 -/- mice, 

peak RVP did not increase. Male peak RVP (Control vs. SuHx males; WT: 25.03 ± 3.88 mmHg 

vs. 40.68 ± 5.54 mmHg, P < 0.0001; ST2 -/-: 24.09 ± 3.90 mmHg, vs 31.08 ± 3.07 mmHg, P < 

0.05; MyD88 -/-: 22.86 ± 3.20 mmHg vs. 27.43 ± 6.03 mmHg, P = NS). Female peak RVP 

increased by 68%, whereas in ST2 -/- females there was only a 19% increase, and in MyD88 -/- 

females, no increase was observed (Control vs. SuHx females; WT: 25.07 ± 2.22 mmHg vs. 

42.24 ± 7.44 mmHg, P < 0.0001; ST2 -/- 24.50 ± 5.48 mmHg vs 31.08 ± 4.04 mmHg, P < 0.05; 

MyD88 -/-: 23.22 ± 2.69 mmHg vs. 30.66 ± 5.00 mmHg, P = NS). Figure 2B shows that when 

we evaluate mean RVP, we detect a 68% increase in WT-SuHx mice compared to control 

conditions. ST2 -/- mice revealed attenuated responses to SuHx that were evident in mean RVP, 

as we did not observe a significant difference compared to the control condition. MyD88 -/- mice 

did not show an increase in mean RVP either. Male mean RVP (Control vs. SuHx males; WT: 

19.15 ± 3.37 mmHg vs. 31.99 ± 4.48 mmHg, P < 0.0001; ST2 -/-: 20.96 ± 3.46 mmHg vs. 24.53 

± 7.01 mmHg, P = NS; MyD88-/-: 19.14 ± 4.02 mmHg vs. 20.42 ± 8.88 mmHg, P = NS). 

Female mean RVP (Control vs. SuHx females; WT: 21.04 ± 3.43 mmHg vs. 33.87 ± 4.94 

mmHg, P < 0.0001; ST2 -/-: 20.55 ± 5.60 mmHg vs. 25.70 ± 3.00 mmHg, P = NS; MyD88 -/-: 

20.19 ± 3.06 mmHg, SuHx 25.21 ± 5.56 mmHg; P = NS). Under SuHx conditions, male ST2 -/- 

mice significantly attenuated peak (P < 0.0001) and mean (P < 0.05) RVP compared to WT-

SuHx male mice. Similarly, female ST2 -/- mice demonstrated attenuated peak (P < 0.001) and 

mean (P < 0.01) RVP compared to WT-SuHx female mice. There was no significant difference 

between males and females for any genotype under control or SuHx conditions.  

 



20 
 

Table 1: Hemodynamic variables of C57Bl/6J (WT), ST2 -/-, and MyD88 -/- male mice with 

and without SU5416/Hypoxia (SuHx) exposure. 

Hemodynamic 

data 

WT 

Control 

WT 

SuHx 

ST2 -/- 

Control 

ST2 -/- 

SuHx 

MyD88 -/- 

Control 

MyD88 -/- 

SuHx 

RVSP, mmHg 
23.21 

 ± 3.39 

38.42  

± 5.48  

**** 

23.58 

 ± 3.84 

28.86 

 ± 6.84 

# 

22.31 

 ± 3.47  

23.32 

 ± 10.25 

# 

RVDP, mmHg 
27.04 

 ± 2.94 

40.52 

 ± 6.25 

**** 

24.96 

 ± 4.26 

29.61 

 ± 6.90 

# 

25.69 

 ± 2.93 

30.69 

 ± 5.94 

# 

RV dP/dtmax, 

mmHg/sec 

2119.73 

± 431.47 

2863.85  

± 759.89 

* 

2065.07 

± 

481.87 

1868.43 

± 510.70 

# 

1862.77 

 ± 509.78 

1997.19 

 ± 772. 28 

# 

RV dP/dtmin, 

mmHg/sec 

-1800.43 

± 425.67 

-2494.48 

± 578.37 

** 

-1710.32  

± 287.47 

-1618.31 

± 566.41 

# 

-1532.18 

± 508.98 

-1519.43 

± 675.83 

# 

HR, beats per 

min 

506.37 

± 66.14 

470.13  

± 84.07 

504.70  

± 32.74 

421.34 

± 52.83 

436.67 

± 91.39 

435.47 

± 119.53 

Right ventricular (RV) pressures are expressed as follows: RV end-systolic pressure (RVSP); RV 

developed pressure (RVDP); RV dP/dtmax (instantaneous rate of contraction) and RV dP/dtmin 

(instantaneous rate of relaxation). Note: Data are represented as mean values ± standard 

deviations. * indicates a difference under SuHx conditions within the same genotype. # indicates 

a difference compared to the other genotypes under the same condition. Male mice, n = 9-15. * 

indicates P< 0.05, ** indicates P < 0.01, *** indicates P < 0.001 and **** indicates P <0.0001. 

 

 

 

Protection of cardiac function in ST2 -/- and MyD88 -/- mice. To further assess the 

effect of chronic SuHx exposure of male mice on cardiac function we also monitored and 

measured other hemodynamic parameters through right heart catheterization using a pressure-

conductance catheter. Table 1 shows that heart rates were not different in any mouse group under 

any condition. A significant increase of 65% in right ventricular (RV) end-systolic pressure 

(RVSP), 50% in RV developed pressure (RVDP), 35% in RV contractility (RV dP/dtmax) and 

39% RV relaxation (RV dP/dtmin) was observed in W-SuHx mice compared to ST2 -/- and 

MyD88 -/- mice in which no difference was observed after SuHx exposure. Chronic SuHx 
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exposure had an effect on right heart cardiac function in WT male mice, but there were no 

significant changes in either ST2 -/- or MyD88 -/- mice.   

 

Table 2: Hemodynamic variables of C57Bl/6J (WT), ST2 -/-, and MyD88 -/- female mice with 

and without SU5416/Hypoxia (SuHx) exposure. 

Hemodynamic 

data 

WT 

Control 

WT 

SuHx 

ST2 -/- 

Control 

ST2 -/- 

SuHx 

MyD88 -/- 

Control 

MyD88 -/- 

SuHx 

RVSP, mmHg 
24.28 

± 3.29 

41.53 

± 6.87 

**** 

23.40 

± 5.85 

29.98 

± 4.69 

# 

22.89 

± 2.93 

27.07 

± 8.54 

# 

RVDP, mmHg 
25.75  

± 3.33 

43.78 

± 7.36 

**** 

25.27 

± 3.46 

32.80 

± 4.87 

 * # 

24.88 

± 2.46 

30.31 

± 7.07 

# 

RV dP/dtmax, 

mmHg/sec 

1733.48 

± 420.64 

2986.39 

393.26 

*** 

1876.37 

± 635.06 

2689.48 

± 411.64 

** # 

1714.43 

± 273.38 

2276.03 

± 465.35 

# 

RV dP/dtmin, 

mmHg/sec 

-1432.37 

± 502.79 

-2674.21 

± 441.79 

**** 

-1502.84 

± 437.80 

-2337.12 

± 605.92 

* # 

-1463.94 

± 247.44 

-2015.81 

± 692.70 

# 

HR, beats per 

minute 

428.22 

± 80.16 

417.37 

± 46.98 

460.72  

± 46.31 

481.99 

± 26.91 

413.80 

± 52.98 

466.91 

±52.67 

Right ventricular (RV) pressures are expressed as follows: RV end-systolic pressure (RVSP); RV 

developed pressure (RVDP); RV dP/dtmax (instantaneous rate of contraction); and RV dP/dtmin 

(instantaneous rate of relaxation). Note: Data are represented as mean values ± standard 

deviations. Female mice, n = 6-11. * indicates a difference between treatment groups for the 

same genotype. # indicates a difference between genotypes under the same conditions. 

 

As shown in Table 2, among the female mouse groups, we also see no significant 

difference in heart rate for any group under any condition. As was seen in the male groups, after 

SuHx, RVSP significantly increased by 71% in WT female mice (P < 0.0001), yet no significant 

differences were measured for either ST2 -/- or MyD88 -/- females after SuHx compared to the 

control condition. In contrast, RVDP increased by 70% (P < 0.0001) in WT and 30 % (P < 0.05) 

ST2 -/- females after SuHx; however, in ST2 -/- females, RVDP was still significantly lower 

than that of WT females. In MyD88 -/- females, there was no significant difference in RVDP 
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compared to control mice. In WT-SuHx females, RV contractility (RV dP/dtmax) increased by 

72%, whereas in ST2 -/- SuHx-females we saw an increase of 43% (P < 0.01). There was no 

significant difference in RV dP/dtmax in MyD88 -/- females after SuHx. Lastly, we measured the 

highest increase, 87%, in RV dP/dtmin for WT-SuHx females. In ST2 -/- females there was an 

increase of 55%, however, these were still significantly lower than WT females after SuHx. 

MyD88 -/- females did not have a significant increase in RV dP/dtmin.  

 

Pulmonary vascular remodeling is attenuated in ST2 -/- and MyD88 -/- mice. To 

evaluate pulmonary vascular remodeling, the medial thickness of the small resistance arteries 

was measured after three weeks of chronic SuHx exposure. Figure 3A shows a 47% significant 

increase in the thickness of the pulmonary vascular walls of WT-SuHx male mice compared to 

WT mice with DMSO/RA. ST2 and MyD88 gene deletion attenuated this response. Data 

presented as changes in ratio of wall area to total vessel area in lung sections. Wall thickness 

(Control vs SuHx males; WT: 0.38 ± 0.05 vs. 0.56 ± 0.08, P < 0.01; ST2 -/-: 0.38 ± 0.05 vs. 0.46 

± 0.08, P = NS; MyD88 -/- 0.39 ± 0.05 vs. 0.41 ± 0.14, P = NS). In female mice, we do not see a 

significant increase in pulmonary vascular remodeling under SuHx compared to controls, nor do 

we see a significant increase in pulmonary vascular remodeling in ST2 -/- or MyD88 -/- female 

mice. However, wall thickness was significantly lower in MyD88 -/- females compared to WT 

and ST2 -/- mice after SuHx exposure. (Control vs SuHx females; WT: 0.34 ± 0.06 vs. 0.44 ± 

0.06, P = NS; ST2 -/-: 0.37 ± 0.06 vs. 0.38 ± 0.03, P = NS; MyD88 -/-: 0.32 ± 0.01 vs. 0.34 ± 

0.03, P = NS). Figure 3B shows representative images of lung sections of mice. 
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A 

    

 B 

 

Figure 3: Mice that do not express the receptor, ST2, or the MyD88 adaptor protein show a 

decrease in the pulmonary vascular remodeling characteristic of pulmonary arterial 

hypertension.  (A) Changes in ratio of wall area to total vessel area in the lung sections of mice. 

(B) Representative images of PAH mouse lung sections. Original magnification, ×400. n = 6. * 

indicates a difference between treatment groups for the same genotype. # indicates a difference 

between genotypes under the same conditions. P < 0.05. 

 

 

Endothelial cell proliferation. There were no significant differences in control vs SuHx-

WT male mice when we labeled for CD31+ or BrdU+ alone. However, we did measure a 

significant increase in actively proliferating cells within WT-SuHx mice when we analyzed cells 

that were both CD31+ and BrdU+ compared to controls (Control vs. SuHx; WT males: 3.21 ± 

1.73 vs. 7.00 ± 4.47, P = 0.04).  
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 A             B 

 

Figure 4: Isolation and enumeration of CD31+ and BrdU+ cells was determined by flow 

cytometry in male mice exposed to SuHx. Control, N = 6; SuHx, N = 4. Mean CD31+ and 

Mean BrdU+ (A) Mean dual labeling for CD31+ and BrdU+ cells (B). * Indicates a significant 

difference of P < 0.05. Data are represented as mean ± SD.  
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RESULTS: CHAPTER II 
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To gain insight into the role of IL33 in endothelial cells, we generated a mouse line in 

which we inactivated IL33 specifically in endothelial cells by crossbreeding two transgenic 

mouse lines.   

 

Figure 5: Both male and female Tek-Cre::IL33fl/fl mice weighed significantly less after 

exposure to SuHx conditions compared to DMSO/RA, control, groups.  * indicates a 

difference between treatment groups for the same genotype. Male mice, n = 6-11. Female mice, 

n = 6-10. *** indicates P < 0.001 and **** indicates P < 0.0001. 

 

Body weight. Figure 5 shows that both Tek-Cre(+/-)::IL33fl/fl male mice and their 

littermate controls weighed significantly less when exposed to three weeks of chronic SuHx 

conditions compared to DMSO/RA (control) groups; and, there was no significant difference in 

weight between Tek-Cre(+/-)::IL33fl/fl and Tek-Cre(-/-)::IL33fl/fl mice under SuHx. Body weight 

(Control vs. SuHx, males; Tek-Cre(-/-)::IL33fl/fl: 30.92 ± 1.98 g vs. 25.82 ± 2.14 g, P < 0.0001; 

Tek-Cre(+/-)::IL33fl/fl: 30.89 ± 1.35 g vs. 25.15 ± 1.87 g, P < 0.0001). Female Tek-Cre(+/-

)::IL33fl/fl and their littermate controls also lost weight under SuHx compared to controls; 

however, no significant difference was observed between the genotypes after SuHx exposure. 

Body weight (Control vs. SuHx, females: Tek-Cre(-/-)::IL33fl/fl: 24.10 ± 1.46 g vs. 19.99 ± 1.85 

g, P < 0.0001; Tek-Cre(+/-)::IL33fl/fl: 23.93 ± 1.93 g vs. 18.93 ± 2.28 g, P < 0.0001). These data 
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suggest that a conditional endothelial knockout of IL33 does not result in a preventative measure 

against weight loss when under SuHx.  

 

 

Figure 6: Mice with a conditional gene deletion of IL33 in endothelial cells do not show a 

reduction in right ventricle pressures. Male and female (A) peak and (B) mean RVPs. * 

indicates a difference between treatment groups for the same genotype. Male, N = 6 – 11. 

Female, N = 6 – 10. * indicates P < 0.05, ** indicates P <0.01 and **** indicates P < 0.0001. 

 

Right ventricular pressures were not attenuated in mice with a conditional IL33 

endothelial cell knockout. To further assess the effect of conditional endothelial cell IL33 

inactivation after SuHx exposure, peak and mean right ventricular pressures were monitored and 

measured through right heart catheterization. Figure 6 shows that there was a significant increase 

in peak and mean RVP in Tek-Cre(+/-)::IL33fl/fl, male mice, but not in their littermate controls. 

Peak RVP (Control vs. SuHx, males; Tek-Cre(-/-)::IL33fl/fl: 30.53 ± 4.80 mmHg vs. 35.11 ± 7.92 
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mmHg, P = NS; Tek-Cre(+/-)::IL33fl/fl: 28.16 ± 5.72 mmHg vs. 42.52 ± 6.06 mmHg, P < 0.01) 

and Mean RVP (Control vs. SuHx, males: Tek-Cre(-/-)::IL33fl/fl: 26.59 ± 4.43 mmHg vs. 30.05 ± 

6.61 mmHg, P = NS; Tek-Cre(+/-)::IL33fl/fl: 24.53 ± 6.48 mmHg vs. 35.39 ± 4.71 mmHg, P < 

0.05). In females, there was an increase in peak and mean RVP for both littermate controls and 

Tek-Cre(+/-)::IL33fl/fl mice. Peak RVP (Control vs. SuHx, females; Tek-Cre(-/-)::IL33fl/fl: 28.66 ± 

3.20 mmHg vs. 39.55 ± 5.63 mmHg, P < 0.0001; Tek-Cre(+/-)::IL33fl/fl: 27.99 ± 2.05 mmHg vs. 

40.89 ± 5.84 mmHg, P < 0.0001) and Mean RVP (Control vs. SuHx, females; Tek-Cre(-/-

)::IL33fl/fl: 23.81 ± 3.12 mmHg vs. 34.20 ± 4.00 mmHg, P <0.0001; Tek-Cre(+/-)::IL33fl/fl: 25.31 

± 1.57 mmHg vs. 25.81 ± 4.17 mmHg, P < 0.001). There was no difference between the two 

genotypes under any condition. 

 

Effect of a conditional IL33 endothelial cell knockout on cardiac function after 

SuHx exposure. To further assess the effect of a conditional endothelial IL33 knockout on 

cardiac function, we monitored and measured other key hemodynamic parameters. Table 3 

shows that there was no significant difference in heart rate for any group under any condition. 

Among the littermate controls, we saw no significant differences after three weeks of control or 

SuHx conditions for any parameter. In contrast, in male Tek-Cre(+/-)::IL33fl/fl mice, there were 

increases of 52% in RVSP (P <0.05), 55% in RVDP (P < 0.01), 59% in RV contractility (P < 

0.05) and 72% increase in RV relaxation (P < 0.01) after SuHx exposure when compared to 

controls.  
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Table 3: Hemodynamic variables of Tek-Cre(-/-)::IL33fl/fl and Tek-Cre(+/-)::IL33fl/fl male mice 

with and without SU5416/Hypoxia (SuHx) exposure. 

Hemodynamic data 

Tek-Cre (-/-):: 

IL33fl/fl 

Control 

Tek-Cre (-/-):: 

IL33fl/fl 

SuHx 

Tek-Cre (+/-):: 

IL33fl/fl 

Control 

Tek-Cre (+/-):: 

IL33fl/fl 

SuHx 

RVSP, mmHg 
30.08 

± 4.74 

30.48 

± 12.66 

27.44 

± 6.43 

41.93 

± 4.95 

* 

RVDP, mmHg 
26.31 

±5.00 

33.22 

± 7.75 

25.85 

± 5.11 

40.16 

± 4.59 

** 

RV dP/dtmax, 

mmHg/sec 

1978.55 

±507.42 

2210.78 

± 696.15 

1637.53 

± 472.57 

2599.95 

± 561.85 

* 

RV dP/dtmin, 

mmHg/sec 

-1615.56 

± 290.71 

-1936.12 

± 633.35 

-1395.14 

± 400.05 

-2402.66 

± 633.08 

** 

HR, beats per min 
406.26 

± 49.23 

411.49 

± 30.17 

393.15 

± 73.91 

375.54 

± 12.56 

Right ventricular (RV) pressures are expressed as follows: RV end-systolic pressure (RVSP); RV 

developed pressure (RVDP); RV dP/dtmax (instantaneous rate of contraction) and RV dP/dtmin 

(instantaneous rate of relaxation). Note: Data are represented as mean values ± standard 

deviations. * indicate a difference under SuHx conditions within the same genotype. Male mice, 

n = 6-11. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001 and **** indicates 

P <0.0001. 

 

In Table 4, we see that heart rates were not different after treatment, but we do see that all 

female Tek-Cre::IL33fl/fl mice responded more robustly to chronic SuHx exposure. In Tek-Cre(-/-

)::IL33fl/fl females, there were increases of 59% in RVSP (P < 0.0001),  37% in RVDP (P < 0.01), 

55% in RV contractility (P < 0.05) and 56 % in RV relaxation (P < 0.01) compared to controls 

after SuHx exposure. Similarly, Tek-Cre(+/-)::IL33fl/fl females demonstrated increases of 48% in 

RVSP (P < 0.0001), 48% in RVDP, 73% in RV contractility (P < 0.01), and 76% in RV 

relaxation (P < 0.01). There was so significant difference among the genotypes under the same 

treatment.  
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Table 4: Hemodynamic variables of Tek-Cre(-/-)::IL33fl/fl and Tek-Cre(+/-)::IL33fl/fl female mice 

with and without SU5416/Hypoxia (SuHx) exposure. 

Hemodynamic data 

Tek-Cre (-/-):: 

IL33fl/fl 

Control 

Tek-Cre (-/-):: 

IL33fl/fl 

SuHx 

Tek-Cre (+/-):: 

IL33fl/fl 

Control 

Tek-Cre (+/-):: 

IL33fl/fl 

SuHx 

RVSP, mmHg 
24.53 

± 8.69 

39.08 

± 5.16 

**** 

27.49 

± 2.22 

 

40.74 

± 5.80 

**** 

RVDP, mmHg 
26.66 

± 2.62 

36.62 

± 6.47 

** 

26.21 

± 2.90 

 

38.72 

± 6.47 

*** 

RV dP/dtmax, 

mmHg/sec 

1564.01 

± 305.81 

2429.88 

± 914.02 

* 

1466.51 

± 229.93 

 

2541.63 

± 348.92 

** 

RV dP/dtmin, 

mmHg/sec 

-1369.13 

± 295.87 

-2135.14 

726.46 

** 

-1251.01 

± 207.23 

 

-2203.37 

± 341.57 

** 

HR, beats per min 
400.57 

± 27.34 

371.12 

± 70.56 

371.81 

± 44.45 

363.82 

± 29.87 

Right ventricular (RV) pressures are expressed as follows: RV end-systolic pressure (RVSP); RV 

developed pressure (RVDP); RV dP/dtmax (instantaneous rate of contraction) and RV dP/dtmin 

(instantaneous rate of relaxation). Note: Data are represented as mean values ± standard 

deviations. * indicate a difference under SuHx conditions within the same genotype. Female 

mice, n = 6-10. ** indicates P<0.01 and **** indicates <0.0001. 

 

Pulmonary vascular remodeling in Tek-Cre::IL33fl/fl mice. Figure 7 shows that after 

three weeks of chronic SuHx exposure, there was a significant increase in the thickness of the 

pulmonary vascular walls in both Tek-Cre(+/-)::IL33fl/fl male mice and their littermate controls 

compared to those in the control condition. The data are presented as changes in ratio of wall 

area to total vessel area in lung sections. Wall thickness (Control vs SuHx males; Tek-Cre(-/-

)::IL33fl/fl: 0.40 ± 0.04 vs. 0.60 ± 0.04, P < 0.0001; Tek-Cre(+/-)::IL33fl/fl: 0.40 ± 0.02 vs. 0.54 ± 

0.06, P < 0.01). There was no difference among the genotypes under any condition. Interestingly, 

in female Tek-Cre::IL33fl/fl mice, we do not see a significant increase in pulmonary vascular 

remodeling under SuHx compared to the control condition, nor do we see a significant difference 

among the genotypes under any condition. Wall thickness (Control vs SuHx females; Tek-Cre(-/-
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)::IL33fl/fl:: 0.44 ± 0.14 vs. 0.59 ± 0.04, P = NS; Tek-Cre(+/-)::IL33fl/fl: 0.38 ± 0.03 vs. 0.49 ± 

0.04, P = NS. 

 

Figure 7: Pulmonary vascular remodeling is not attenuated in Tek-Cre::IL33fl/fl male or 

female mice. * indicates a difference between treatment groups for the same genotype. N = 4   
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DISCUSSION 
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The role of IL-33 in pulmonary arterial hypertension: significant findings of our study. 

The purpose of our study was to determine whether IL-33 plays a role in the development 

of pulmonary arterial hypertension through an ST2 or MyD88 pathway. Specifically, we wanted 

to determine if gene deletion of ST2 or MyD88 prevented the adverse effect on right heart 

cardiac function that results from the rise in pulmonary vascular resistance due to the inevitable 

development of pulmonary arterial remodeling characteristic of the disease. We focused on the 

effect of endothelial cell proliferation, as this cell line has been of particular interest due to its 

hyperproliferative and antiapoptotic phenotype in patients suffering from advanced forms of the 

PAH. The significant findings of our study were that both ST2 and MyD88 gene deletion 

resulted in attenuation of RVP, an effect that was observed across most of the other 

hemodynamic parameters that we studied in our SuHx-induced murine PAH model.  This 

reduction was also accompanied by a prevention in the thickening of the pulmonary vasculature 

after chronic SuHx exposure. Whereas ST2 -/- mice, did not demonstrate a protective effect 

against weight loss, a typical result due to chronic SuHx exposure, they still showed the adverse 

increase of many parameters that were analyzed to study right heart cardiac function. However, 

the increases that were observed were still significantly lower than those measured in WT-SuHx 

mice. In MyD88 -/- mice we did see a protective effect against weight loss after chronic SuHx 

exposure suggesting that knocking out MyD88 may have the added beneficial effect of 

preventing the weight loss that is commonly observed in both males and females suffering from 

PAH. Furthermore, this protective effect due to MyD88 gene deletion was found in all the 

various hemodynamic parameters that we monitored for all experimental groups to analyze 

cardiac function including pulmonary vascular remodeling. Altogether, these data suggest that by 
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knocking out the IL-33 receptor, ST2, and the downstream adaptor protein, MyD88, we can 

attenuate the progression of PAH.  

Inhibition of ST2 or MyD88 expression has a protective effect on right heart cardiac 

function. 

We analyzed various hemodynamic parameters to gain greater insight into cardiac 

function in the development of PAH, as the right heart is very sensitive to an increase in 

afterload (Klinger et al., 1991). The right heart can activate mechanisms that allow it to maintain 

a constant output so that it can adapt to the increased pressures and ejection impedance. These 

mechanisms often result in changes that lead to RV hypertrophy, followed by RV dilatation. 

These changes force the right heart to increase its rate of contractility and, once these contractile 

reserves are exhausted, an irreversible decrease in contractile function develops (Guyton et al., 

1954; Bogaard et al., 2009). Thus, by monitoring the instantaneous rates of contractility and 

relaxation we can learn more about the progression of PAH than by monitoring peak and mean 

RVP alone. WT-SuHx male mice saw a marked increase in the instantaneous rates of 

contractility and relaxation. We observed attenuation of these parameters within ST2 -/- and 

MyD88 -/- males, as none of the changes were significantly different after SuHx exposure when 

compared to the DMSO/RA control groups. Like the male response, there were significantly 

elevated levels across all parameters analyzed for cardiac function in WT-SuHx females. 

However, these were partially attenuated in ST2 -/- females but completely attenuated in MyD88 

-/- female mice suggesting a slight difference in response between male and females deficient in 

the ST2 gene, but with a similar response to a lack of the adaptor MyD88. As both ST2 and 

MyD88 are key players in the IL-33 signaling pathway, our findings support our hypothesis that 

IL-33 plays a role in the development of PAH. 
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Endothelial cell proliferation as a contributing factor to pulmonary arterial hypertension. 

Once we gained insight into the role of the IL-33-ST2/MyD88 pathway in PAH 

development, we then wanted to shift our focus to a possible cellular target. Because endothelial 

cells have been known to contribute to the progression of pulmonary arterial remodeling, we 

wanted to quantify these cells in lung tissue to determine if endothelial cells were actively 

proliferating in our SuHx murine model for PAH. After isolation and enumeration of endothelial 

cells in lung tissue, we saw more than double the amount of actively proliferating endothelial 

cells after SuHx exposure. Although not a new finding, our data confirms that our chronic SuHx 

mouse model for PAH does promote endothelial cell proliferation and supports other studies that 

have reported similar findings.  

Inactivation of IL33 in endothelial cells does not reduce or prevent the progression of PAH. 

As a result of our findings from the endothelial cell enumeration experiment, we further 

narrowed our focus towards an endothelial cell-specific IL33 knockout mouse strain in which 

IL33 is inactivated in all endothelial cells from birth. The purpose of this study was to determine 

if IL33 expression specifically by endothelial cells is necessary for the development of PAH. 

Contrary to our hypothesis, we did not see any reduction in RVP, PA remodeling or in the 

prevention of weight loss in these mutant mice. Although further studies on this mutant strain are 

necessary to provide a complete conclusion as to why there was no inhibition in the development 

of the disease, there are several possible ways to explain these observations: 1. It is possible that 

we did not inactivate a sufficient portion of the gene. 2. It is also possible that we may be 

focusing on the wrong cell line, and that a smooth muscle cell-specific IL33 knockout strain may 

prove to be more effective at preventing PAH. 3. Much is left to be understood about the 

mechanism by which IL-33 is released and regulated. Could there be an unknown mechanism 



36 
 

that entirely prevents IL-33 inactivation? Nonetheless, our data are consistent with what other 

studies that have used this particular IL33 floxed strain have measured. When Chen et al. 

inactivated IL33, an increase in myocardial hypertrophy and overload was also observed (Chen 

et al., 2015). Could it be that this mouse strain is still allowing IL-33 to activate NF-κB and, thus, 

is still able to elicit an inflammatory response? 

IL33 splice variants and isoforms: possible future targets to gain insight into IL33 and its 

role in eliciting an inflammatory response that contributes to disease progression.  

To understand the importance of proper inactivation of IL33, we must understand the 

components of the gene itself. The IL-33 gene consists of eight exons. Due to alternative 

splicing, different IL-33 isoforms are formed from this single gene (Cayrol et al., 2018). Multiple 

splice variants of IL-33 have been studied with all of their corresponding IL-33 isoforms 

reported to produce proteins. The most commonly expressed variant is full-length IL-33 (flIL-

33), but multiple IL-33 variants are also highly expressed. FlIL-33 has a helix turn helix domain 

and is localized exclusively to the nucleus (Cayrol et al., 2009); however, extracellular release of 

flIL-33 may occur when cells undergo necrosis or apoptosis. Furthermore, IL-33 that is released 

during inflammation is susceptible to post-translational processing which affects its biological 

activity (Kakkar et al., 2008; Vasanthakumar et al., 2015). For example, flIL-33 is biologically 

active, and its activity can be enhanced through cleavage by neutrophil serine proteases, 

cathepsin G and elastase; however, unlike IL-1β, it can be rendered inactive by caspase cleavage 

(Boitano et al., 2011; Ali et al., 2010). If exon 3 or exon 4 is removed, IL-33 is localized 

predominantly to the nucleus. Yet, removal of exons 3 and 4 results in IL-33 localization to the 

nucleus and cytoplasm. Interestingly, any variant that is missing exon 5 will not have cytokine 

activity, as exon 5 has been shown to be required for IL-33 cytokine activity (Gordon et al., 
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2016). More specifically, exon 5 encodes amino acid residues critical for binding of IL-33 to its 

receptor, transmembrane receptor suppression of tumorigenicity 2 (ST2) (Liu et al., 2013). In our 

IL33 floxed mouse, exons five through seven were excised. This should have inhibited all 

cytokine activity caused by IL-33; however, that was not what was observed. It may be possible 

that other exons that remain may still allow IL-33 to be functional. As mentioned earlier, it may 

be possible that there is a direct or indirect method by which the first few exons that have not 

been spliced out can activate NF-κB, which is highly capable of inducing an inflammatory 

response. Lastly, due to post-translational processing, it is also plausible that the concentration of 

IL-33 may be affected by tissue integrity and/or environment. It would be interesting to study the 

effects of these on IL-33 concentration, and thus, regulation and inactivation in greater detail.  

The role of smooth muscle cells in PAH. 

In addition to endothelial cells, it is also well known that smooth muscle cells proliferate 

in the pulmonary vasculature as PAH progresses. Perhaps this cell line plays a more critical role 

than the endothelial cell line, and it could be a focus in a future study. Alternatively, both 

endothelial cells and smooth muscle cells may be jointly responsible for the vascular remodeling 

in lung tissue. It has also been proposed that endothelial cells may be transitioning into 

mesenchymal cells and that this could be the result of the accumulation of smooth muscle-like 

cells in the occlusive arteriopathy observed in PAH (Arciniegas et al., 2007). The response from 

Tek-Cre::IL33fl/fl mouse line warrants further investigation.  

Redox modifications and their effect on IL-33 activity. 

Although the regulatory mechanism for IL-33 is not well understood, it has been reported 

that biological activity of IL-33 at its receptor binding site can be rapidly terminated in the 
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extracellular environment by the formation of two disulfide bridges (DSB) (Cohen et al., 2005). 

DSB result in extreme conformational changes that disrupt the ST2 binding site. When IL-33 is 

present in its reduced form, it remains active. However, if it is oxidized (DSB), it is rendered 

inactive. Cohen et al. explain that this is because mature IL-33 contains four free cysteine 

residues that are far apart from each other. Thus, cysteine oxidation is a critical regulatory 

mechanism in vivo for rapid termination of IL-33 cytokine activity at its receptor, ST2. Thus, IL-

33 oxidation limits the range and duration of immunological responses, and disruption of this 

mechanism leads to profound enhancement of inflammation. Could it be that there is a 

mechanism that causes IL-33 to remain in its reduced (active) form within our mouse models? If 

so, this could further explain as to why inactivation of IL-33 in endothelial cells did not prevent 

the development of PAH.  

IL-33 release mechanism: a continuing enigma. 

In vivo studies on mice treated with IL-33 reported pathological changes in pulmonary 

vasculature, especially in medium and small muscular arteries that developed medial 

hypertrophy and in which infiltrates of inflammatory cells has been observed (Schmitz et al., 

2005). Although IL-33 serves a wide range of functions, including beneficial ones, dependent on 

tissue type, through its ST2 receptor, it can induce various kinds of inflammatory responses, 

mainly TH2- and mast-cell–dependent inflammation. Thus, through studies such as those 

performed by Schmitz et al., we know that IL-33 has an adverse effect on pulmonary vasculature 

when present at higher concentrations. However, the mechanism by which IL-33 is released is 

not yet well understood. Some studies have suggested that it is possible that cytoplasmic vesicles 

are extracellularly transporting it. Although much remains to be confirmed, it has been proposed 

that these vesicles are released through nuclear pores upon mechanical stress (Kakkar et al., 
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2012; Schmitz et al., 2005). Greater understanding of its mechanism of release would further 

enable it to be used as a target for future therapies involving IL-33.  

Limitations of the current mouse model for PAH. 

Lastly, the PAH mouse model provides several limitations in the study of this disease, as 

it does not entirely mimic the pathology observed in humans. Although the search for a suitable 

mouse model continues, it remains a challenge (Vitali et al., 2014). Yet, the continual 

advancement in research for this disease remains as crucial as ever. By continuing to pave the 

way and increase our understanding of the underlying mechanisms that dictate the development 

of the disease, we should be able to provide new targets for the treatment of pulmonary arterial 

hypertension.  

Summary. 

Our studies have highlighted a role of IL-33 in pulmonary arterial hypertension. 

Although the mechanism by which IL-33 is released remains unknown, and much remains to be 

understood about how this cytokine is regulated, our results suggest that it warrants further 

investigation. For now, we have shown that IL-33, through its receptor and downstream adaptor 

protein MyD88, promotes pulmonary vascular remodeling that leads to the increase of right 

ventricular pressures. As immunity and vascular inflammation have been deemed a cause rather 

than a consequence of pulmonary arterial hypertension, our findings support the possibility that 

the IL-33-ST2/MyD88 pathway is involved in the progression of the disease and may be a target 

for new therapies. By continuing to study the role of IL-33 in PAH, we may one day provide new 

hope to this seemingly hopeless population.  
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