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Pulmonary arterial hypertension (PAH), defined as a mean pulmonary artery pressure exceeding 20 mmHg with a pulmonary vascular resistance of 3 or more Wood units, is an incurable and progressive condition. The cornerstone of PAH treatment is pulmonary vasodilators, which act on the pulmonary vasculature to reduce pulmonary pressures and pulmonary vascular resistance and prevent progression to right heart failure. The number of available pulmonary vasodilator therapies has grown markedly in the last 10 years, alongside a rapidly expanding body of literature establishing strategies for their use. Up-front combination therapy, typically with two pulmonary vasodilator medications, has become the standard of care based on landmark trials showing superior outcomes over single therapies alone. Complex risk stratification matrices have begun to see widespread use as tools with which to guide changes in PAH therapies for individual patients. Strategies for using the pulmonary vasodilators in common use continue to be evaluated in trials exploring concepts such as up-front triple combination therapy and substitution of vasodilators for patients not meeting therapeutic goals. Alongside established pulmonary vasodilator therapies for PAH, there is a broad spectrum of experimental therapies that are being studied for the disease. These include both more conventional medications that act on pathways targeted by existing vasodilator therapies as well as non-vasodilator treatments with novel methods of action, that may act both to vasodilate and to address the detrimental changes of pulmonary arterial and right ventricular remodeling. Many of these emerging medications are the focus of active phase 2 and 3 trials. Finally, there has been significant interest in therapeutic pathways that are well established in left heart failure, with the hope of adapting strategies that may be efficacious in PAH and right heart failure as well. These include explorations of pathways treated by goal-directed medical therapy as well as device therapies such as pacing, resynchronization therapy, and cardiac monitoring devices. Many of these options show promise and may represent a complementary approach to treatment of PAH, allowing for multimodal therapy alongside pulmonary vasodilators to improve patient outcomes.
Keywords: pulmonary hypertension, pulmonary arterial hypertension, preclinical studies, novel therapies, emerging therapies
INTRODUCTION
Pulmonary arterial hypertension is a heterogeneous disease that results from pathogenic remodeling of the pulmonary arteries. As of the 6th World Symposium on Pulmonary Hypertension in 2018, the diagnosis of pulmonary hypertension is based on hemodynamic measurements, including mean pulmonary arteriole pressure (mPAP), pulmonary vascular resistance (PVR) and pulmonary artery wedge pressure, to classify patients into pre-capillary, post-capillary, or mixed pre- and post-capillary hypertension (Humbert et al., 2022).
The World Health Organization (WHO) Groups classify pulmonary hypertension into five clinical subgroups: WHO Group I, pulmonary arterial hypertension (PAH); (Table 1) WHO Group II, pulmonary hypertension related to left heart disease; WHO Group III, pulmonary hypertension related to chronic lung disease; WHO Group IV, pulmonary hypertension as a result of pulmonary obstructions (chronic thromboembolic pulmonary hypertension, CTEPH), and WHO Group V, pulmonary hypertension due to multifactorial mechanisms (Humbert et al., 2022).
TABLE 1 | Subgroups of WHO group I pulmonary hypertension (Humbert et al., 2022).
[image: Table 1]PAH is principally a disease of progressive increases in pulmonary vascular resistance, which occurs through several concurrent pathways thought to be triggered by endothelial injury from environmental or genetic insults. These pathways center on remodeling and progressive loss of small pulmonary arteries, with fibrosis of the intima and hypertrophy of media layers (Stacher et al., 2012). The hallmark pathological finding of pulmonary arterial hypertension are plexiform lesions, glomerulus-like vascular structures that result from endothelial and vascular smooth muscle cell proliferation in pre-capillary pulmonary arterioles (Stacher et al., 2012). The process of pulmonary artery remodeling involves numerous cell types, including pulmonary artery smooth muscle cells (PASMCs), endothelial cells, fibroblasts and myofibroblasts, and inflammatory cells including B and T cells, dendritic cells, mast cells, and macrophages (Price et al., 2012). The pathways underlying this remodeling process are highly complex and include by chronic inflammation, oxidative damage, cell proliferation, resistance to apoptosis, insulin resistance, and shifts in metabolic pathways including aerobic respiration. These changes in the pulmonary vasculature in turn induce chronic compensatory and maladaptive changes in the right ventricle, with increasing hypertrophy, myocardial fibrosis, diastolic stiffness, and reduced contractility (van der Bruggen et al., 2017).
The current therapies used to treat pulmonary arterial hypertension act to dilate the pulmonary vasculature, decreasing pulmonary vascular resistance and secondarily improving right ventricular function, thereby improving functional capacity. The medications currently in widespread use for the treatment of pulmonary arterial hypertension target three major pathways: prostacyclin, endothelin, and nitric oxide. Unfortunately, none of the therapies currently in widespread use directly targets the processes of pulmonary vascular or right ventricular remodeling, and the natural course of the disease is progression to right ventricular failure and death (van der Bruggen et al., 2017). This review will briefly discuss the current paradigm of PAH treatment and discuss the multitude of potential and developing therapies to treat pulmonary arterial hypertension, with a focus on those that have progressed to use in human clinical trials.
CURRENT THERAPEUTIC APPROACH
The general approach to PAH treatment has evolved substantially over the last decade. While pulmonary vasodilators remain the core therapy for the disease, there has been both a wide expansion of treatment options targeting the three primary treatment pathways, an expansion in the use of risk stratification paradigms, and a shift towards combination therapy as the standard of care in PAH. Other adjunct treatments may include use of diuretic therapy, supplemental oxygen, regimented exercise, and vaccination, but are beyond the scope of this review.
VASODILATOR TREATMENT OPTIONS
Pulmonary vasodilator medications in widespread use at the time of this writing target one of three molecular pathways–nitric oxide (NO), endothelin, and prostacyclin (Figures 1,2). Medications targeting the nitric oxide pathway include phosphodiesterase-5 inhibitors (PDE5i), including sildenafil and tadalafil, and the soluble guanylate cyclase (sGC) stimulator riociguat. PDE5 inhibitors act to prevent breakdown of cyclic GMP (cGMP), while riociguat acts through direct stimulation of sGC, which both produces cGMP and sensitizes the enzyme to endogenous nitric oxide. cGMP activates protein kinase G, resulting in lower intracellular Ca2+ concentrations, and producing smooth muscle relaxation and vasodilatation. Effective use of riociguat was first established by the PATENT-1 and -2 trials, and it additionally carries FDA approval for treatment of inoperable or residual CTEPH (Ghofrani et al., 2013; Rubin et al., 2015). Side effects of concern for both medication types include headache, flushing, back pain, and peripheral hypotension; bleeding risk can also be increased, warranting care when giving these medications alongside antiplatelet or anticoagulant medications.
[image: Figure 1]FIGURE 1 | Key treatment pathways in the current management of pulmonary arterial hypertension. Green arrows indicate pathway stimulation; red arrows indicate inhibition. AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; ATP, adenosine triphosphate; cGMP, cyclic guanosine monophosphate; ETA and ETB, endothelin receptors; GMP, guanosine monophosphate; IP, prostacyclin receptor; NO, nitric oxide; PDE5, phosphodiesterase-5; PGI2, prostacyclin or prostaglandin I2; sGC, soluble guanylyl cyclase.
[image: Figure 2]FIGURE 2 | Mechanisms of selected novel therapies in the treatment of pulmonary arterial hypertension. Green arrows indicate pathway stimulation; red arrows indicate inhibition. Some pathways have been simplified for the purposes of depiction within the diagram. AM, adrenomedullin receptor; ASK1, apoptosis signal-regulating kinase 1; BET, bromodomain and extaterminal domain; BMPR2, bone morphogenetic protein receptor 2; CGRP, calcitonin gene-related peptide; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor kappa light chain enhancer of activated B cells; Nrf2, nuclear factor erythroid 2-related factor 2; PARP, poly (ADP-ribose) polymerase; PDH, pyruvate dehydrogenase; PDGFR, platelet-derived growth factor receptor; PDK, pyruvate dehydrogenase kinase; PPAR-γ, peroxisome proliferator activated receptor gamma; ROCK, Rho-associated protein kinase; RXFP1, relaxin family peptide receptor 1; TPH1, tryptophan hydroxylase 1; VPAC, vasoactive intestinal polypeptide receptor.
Endothelin receptor antagonists (ERAs), including the dual antagonists bosentan and macitentan and the ETA selective antagonist ambrisentan, block binding of endothelin-1 (ET-1) to its receptors, ETA and ETB. Activation of smooth muscle ETA and ETB by ET-1 produces potent vasoconstriction; notably, activation of endothelial ETB receptors mediates clearance of ET-1 and release of vasodilatory prostacyclin and nitric oxide (Galie et al., 2004). Side effects of concern with ERAs include peripheral edema, anemia, and hepatotoxicity; the latter two effects require serial lab monitoring while on the medication. Additionally, all ERAs are highly teratogenic, necessitating careful birth control practices in women of child-bearing age.
Prostacyclin medications, the oldest group used to treat PAH, act to increase cAMP concentrations to produce pulmonary vasodilation. Epoprostenol, the first drug to be introduced specifically for the treatment of PAH, was approved by the FDA in 1995 and was the first pulmonary vasodilator to show a durable reduction in mortality in a controlled trial of IPAH (Badesch et al., 2000). However, epoprostenol is limited in its versatility by its restriction to intravenous use in the outpatient setting, requiring central venous access; its very short half-life of 3–5 min, and its instability at room temperature, requiring refrigeration.
Since its introduction, epoprostenol has been joined by several different prostacyclin derivatives with a variety of modes of delivery. These include inhaled iloprost and treprostinil, subcutaneous or intravenous treprostinil, oral treprostinil diolamine, and the oral prostacyclin agonist selexipag. In outpatients, intravenous and subcutaneous prostacyclins are delivered by continuous pumps, such as the CADD MS3 or the recently introduced subcutaneous-only Remunity pump. Consensus recommendations continue to support use of these parenteral medications as first-line therapy in WHO Functional Class IV or high-risk patients alongside agents from the other two pathways, as appropriate (Klinger et al., 2019). Side effects of concern include nausea, vomiting, diarrhea, jaw pain, and headaches; in addition, due to the antiplatelet and antithrombotic properties of the prostacyclin family, risk of bleeding complications is increased.
PRINCIPLES OF PULMONARY VASODILATOR SELECTION IN PAH
The general overall treatment goals in PAH include improvements in survival, quality of life, exercise capacity, symptom burden, and clinical worsening, with risk stratification tools increasingly used as a vehicle to guide therapy and improve each of these elements. Current recommendations weigh the use of multiple factors, including WHO Functional Class, exercise ability, lab indices, and hemodynamic and echocardiographic variables to establish overall severity of disease and guide intensity of therapy (Humbert et al., 2022). These factors have been codified in risk-stratification matrices such as REVEAL 2.0 and the ERS/ESC criteria, which stratify patients into risk groups based on projected mortality. Initial therapy choices and subsequent changes in therapies are chosen with the goal of achieving a low-risk category.
Primarily beginning with the publication of the landmark AMBITION trial, upfront initiation of combination pulmonary vasodilator therapy has become the state of the art for treatment of PAH (Galie et al., 2015). The AMBITION trial was a multinational, randomized, double-blinded controlled trial evaluating monotherapy with tadalafil or ambrisentan versus up-front combination therapy with both drugs in 500 WHO Functional Class II and III PAH patients, the majority of whom (69%) were WHO Functional Class III. Compared to the monotherapy groups, the combination therapy group showed a significant reduction in time to first clinical failure event, primarily driven by a decrease in hospitalizations. Significant improvements were also noted in nt-pro-BNP levels and proportion of patients that had achieved a satisfactory clinical response by week 24. Importantly, no major safety concerns arose with the use of combination therapy.
Further evidence for the use of combination therapy came with the SERAPHIN and GRIPHON trials. The randomized controlled SERAPHIN trial evaluated macitentan in 742 PAH patients, of whom 63.7% were on non-ERA background therapy, the majority on a PDE5 inhibitor (Pulido et al., 2013). The trial compared placebo to groups on 3mg and 10 mg macitentan and demonstrated statistically significant reductions in a composite end point of first PAH-related event. An average 6-min walk increase of 22 m was demonstrated in the high-dose group. The GRIPHON trial was a phase 2 randomized controlled trial comparing selexipag versus placebo in 1,156 PAH patients, most of whom were on background therapy–PDE5i, ERA, or both. Addition of selexipag showed a significant reduction in the primary composite end point, most of which was due to decreased disease progression and rates of hospitalization (Sitbon et al., 2015).
Contemporary combination therapy in PAH patients frequently mirrors the patterns of medication use in the major trials discussed above. Typical therapy for patients not at high risk and without contraindications consists of a phosphodiesterase-5 inhibitor (PDE5i) and an endothelin-receptor antagonist (ERA) (Galie et al., 2016). For patients with WHO Functional Class IV symptoms or who present in a high-risk category, combination therapy including a parenteral prostacyclin remains the consensus recommendation. General principles of combination therapy mandate avoidance of two overlapping medications that act on the same pathway. Within-class combinations of medications likely provide no additional clinical efficacy and raise the risk of side effects, such as peripheral hypotension. Concurrent medications with different methods of action that act on the same molecular pathways are also avoided, such as riociguat alongside PDE-5 inhibitors, or selexipag alongside prostacyclin therapy.
TRIPLE COMBINATION THERAPY
Strong evidence for the use of dual combination therapy has led to further studies of triple combination therapy. Small uncontrolled trials have demonstrated significant clinical benefits with the use of up-front triple combination therapy (Sitbon et al., 2014). A trial of upfront triple combination therapy with ambrisentan, tadalafil, and subcutaneous treprostinil in 21 PAH patients was found to produce marked hemodynamic improvements, along with echocardiographic findings suggesting reversal of right heart remodeling (D'Alto et al., 2020). Registry data from the French PAH registry published in 2021 demonstrated a significant survival difference in the triple combination group (91% at 5 years) versus the dual and single therapy groups (61% at 5 years, p < 0.001), but notes that the much smaller triple combination group, while higher risk at baseline, was significantly younger overall and had fewer comorbidities (Boucly et al., 2021; Hassoun and Farber, 2021). An association between triple therapy and improved survival was also noted in intermediate-risk patients. Further exploration of these findings with a clinical trial of triple combination therapy with parenteral prostacyclins is necessary. Consideration for the use of triple combination therapy with selexipag in PAH was also supported by an expert consensus survey for Functional Class II patients with higher risk characteristics or CTD-associated PAH, as well as Functional Class III patients overall (McLaughlin et al., 2020).
Controlled trials evaluating up-front triple combination therapy have been more equivocal in their findings. The TRITON trial was a phase 3b randomized controlled trial of 247 PAH patients evaluating combination therapy with macitentan and tadalafil with and without the addition of selexipag (Chin et al., 2021). Both groups were found to have reductions in PVR and nt-pro-BNP as well as increases in 6-min walk distance by week 26, but there were no significant differences found between groups. A non-significant trend towards reduced risk of disease progression was noted in the triple therapy group.
With the increasingly widespread use of combination therapy, and especially with the growing enthusiasm for up-front triple combination therapy, there are concerns about issues such as polypharmacy, substantial associated costs, and medication intolerances, especially in older patients and/or those with significant comorbidities (Hassoun and Farber, 2021). Each medication is associated with substantial costs and significant manpower to obtain insurance approval for what may be three specialty medications started concurrently. Side effect profiles for each of the three pathways are not insubstantial and can lead to issues with compliance, especially in older patients and/or those at risk for other cardiac conditions, such as heart failure with preserved ejection fraction.
SPECIAL GROUPS
With the shift towards combination therapy discussed above, monotherapy with a single pulmonary vasodilator has become less common, with recommended use confined to certain subsets of the PAH population (Gaine and McLaughlin, 2017). These subsets include overall low-risk disease, treatment-naïve low-risk patients who are durable responders to calcium-channel blockers for over 1 year; patients with demonstrated long-term stability on monotherapy, those with concern for pulmonary veno-occlusive disease, and patients with significant tolerability concerns, especially older patients at risk for heart failure with preserved ejection fraction. Additionally, patients with PAH due to HIV and portopulmonary hypertension were largely excluded from major trials of combination therapy and may also be considered for monotherapy as appropriate (Simonneau et al., 2019).
The ongoing role of calcium channel blocker (CCB) use in appropriate patients is less clear as new treatment options continue to emerge. Vasodilator testing, in which patients are challenged with vasodilators such as epoprostenol or nitric oxide during right heart catheterization, continues as a recommendation for certain WHO Group I patients to predict the likelihood of response to CCB therapy. As in the treatment of peripheral hypertension, CCBs act on the pulmonary arteries of acute responders by blocking calcium uptake, resulting in reduction of vascular tone. For patients without contraindications and without evidence of right heart failure who demonstrate acute vasoreactivity, a trial of CCB therapy may be considered, with careful reassessment after 3 months’ time (Klinger et al., 2019). Typical options for CCBs include relatively high doses of nifedipine, amlodipine, or diltiazem (Barst et al., 2009). Rates of acute vasoreactivity are relatively low, with overall response rates of 13–15% and sustained clinical response rates of 6–9% in IPAH and anorexigen-related PAH, the groups with the highest rates of response (Medarov and Judson, 2015). While safe and inexpensive, CCBs are not formally included in contemporary PAH treatment and risk assessment algorithms, and there is a lack of controlled studies of CCB therapy or understanding regarding their synergy with other pulmonary vasodilators. These factors and increasing access to pulmonary vasodilators could make the use of CCBs in PAH obsolete.
NEW DIRECTIONS IN PAH TREATMENT
Changes in uses of current pulmonary vasodilator therapy
As noted above, there has been intense interest in the use of up-front triple therapy for appropriately high-risk PAH patients, which has been explored in trials like TRITON. Other trials have explored the role for substituting existing medications for others to further improve treatment responses in PAH. Riociguat has received focus given its potential as substitution for PDE5 inhibitors in patients not meeting treatment targets. The RESPITE study was a 24-week open-label uncontrolled study of 61 WHO Functional Class III PAH patients that substituted riociguat for PDE5 inhibitors (Hoeper et al., 2017). Most patients (82%) were on concurrent endothelin-receptor antagonists. Of the 51 who completed 24 weeks of treatment, there was an increase in 6-min walk distance of 31 +/− 63 m by 24 weeks (p = 0.001), alongside statistically significant reductions in nt-pro-BNP level and pulmonary vascular resistance. This data was followed up on with the REPLACE trial, an open-label, multicenter, randomized controlled trial of 226 PAH patients at intermediate mortality risk (Hoeper et al., 2021). Included patients could be on ERA therapy but were excluded if on any prostacyclin therapy in the 30 days prior to enrollment. Using a composite outcome defined as an absence of clinical worsening and improvement in two of three variables (6-min walk distance, WHO Functional Class, and/or nt-pro-BNP level), there were significantly fewer clinical worsening events in the riociguat group (1% versus 9%, p = 0.0007), with fewer serious adverse events reported. Together these studies appear to demonstrate switching from PDE5 inhibitors to riociguat as a promising option for PAH patients who have failed to progress to low risk status on their current therapies.
Multiple currently active trials are exploring the possibility of new combinations and dosing strategies for established pulmonary vasodilator therapies for PAH. The A-DUE trial, mirroring to some degree the AMBITION trial, is an adaptive phase 3 placebo-controlled trial comparing tadalafil and macitentan monotherapy groups with fixed-dose combination of the two drugs. It seeks to recruit a total of 170 PAH patients. The phase 3 UNISUS trial seeks to evaluate the effect of significantly higher doses of macitentan on reduction in a composite of morbidity and mortality events. The trial is actively recruiting for a planned 900 participants, divided into placebo, currently used dosing of 10 mg, and higher dosage at 37.5 mg and 75 mg, respectively.
The increasing complexity of PAH medication regimens has led to efforts to simplify drug schedules and delivery methods. Given the lifestyle drawbacks of parenteral therapies and challenges of learning how to operate prostacyclin pumps, there may be considerable hesitancy among patients to start these medications. Daily activities such as showering or exercise are much more careful considerations when managing patients on parenteral therapies; streamlining the delivery process may help address the practicality of parenteral prostacyclins considerably (Farber and Gin-Sing, 2016). The subcutaneous-only Remunity pump was introduced in 2021 and represents a sleeker alternative to the MS3 pump currently in common use, with a waterproof casing and handheld remote. It should be noted that the pump’s lower limit of delivery does not allow for very low rates of drug administration in nearly all patients, so that patients will likely need to be transitioned from an MS3 pump to Remunity later in their titration schedule if beginning a prostacyclin at the low basal rates generally used for outpatient initiation. Further efforts to develop medication to simplify pulmonary vasodilator administration for ease of use are described below.
NOVEL TREATMENTS USING ESTABLISHED PATHWAYS
Ralinepag
The novel oral prostacyclin receptor agonist ralinepag has shown significant promise as a therapeutic option in PAH. The drug is described as highly selective and potent, with in vitro data suggesting more potent antiproliferative and vasodilatory properties than iloprost or MRE-269, a metabolite of selexipag (Preston et al., 2018). A phase 2 placebo-controlled trial of 61 PAH patients showed a reduction in PVR compared to placebo in patients on background mono or dual therapy (Torres et al., 2019). The drug has a 24-h half-life, making once-daily dosing feasible and providing a potential advantage over the twice-daily dosing of selexipag, currently the only available direct prostacyclin receptor agonist. Two phase 3 trials using once-daily dosing of the medication are ongoing (see Table 2).
TABLE 2 | Selected active therapeutic trials in pulmonary arterial hypertension.
[image: Table 2]MK-5475
The multicenter Phase 2/3 INSIGNIA-PAH study (NCT04732221), currently active, seeks to evaluate the use of MK-5475 (Merck Sharp & Dohme Corp., Kenilworth, NJ, United States), an inhaled soluble guanylate cyclase inhibitor. The study plans to evaluate efficacy at three different doses of medication versus placebo for a 12-week base period with a 24-month optional extension period, with primary outcomes of improvement in PVR and 6-min walk distance at 12 weeks. Interestingly, while current guidelines do not allow for the use concurrent PDE5 inhibitors and oral sGC stimulators, largely due to the risk of hypotension from additive therapies acting on the same molecular pathway, the INSIGNIA-PAH study does not explicitly exclude patients already on either therapy.
Inhaled treprostinil formulations
Treprostinil inhalation powder (TreT) is a new method of inhaled treprostinil delivery explored in the open-label BREEZE study, which enrolled 51 patients with PAH (Spikes et al., 2022). The delivery method allows for once daily dosing, a significant decrease from the current four times daily dosing of inhaled treprostinil. Transitions to TreT were well-tolerated, with adverse effects felt to be similar in severity and frequency to that of inhaled treprostinil. A small if statistically significant increase in 6-min walk distance of 11.5 m was seen (p = 0.0217), along with improvement in symptom-based scores and high reports of patient satisfaction by week 3. Additionally, use of doses above the higher range of 9–12 puffs per use was found to be well-tolerated. TreT may offer a more convenient method of prostanoid delivery at least as effective as the inhaled treprostinil currently in widespread use. The Tyvaso dry powder inhaler (DPI) using TreT was approved by the FDA on 24 May 2022.
A second form of treprostinil formulated for dry powder inhalation, treprostinil palmitil (TPIP), is being studied in a placebo-controlled phase 2 trial in PAH patients (NCT05147805). Treprostinil palmitil is a prodrug with efficacy of at least 12 h, with once daily dosing specified in the study (Plaunt et al., 2021). In animal models, TPIP demonstrated a higher cough threshold with administration than inhaled treprostinil, which may improve a common and often significant effect of inhaled treprostinil delivery (Chapman et al., 2021).
Further developments in established pathways
In addition to new pulmonary vasodilators for established molecular pathways in PAH, there have been increasing explorations of new molecules for non-PAH applications. The sGC stimulator vericiguat reduced the incidence of death compared to placebo in a cohort of 5,050 patients with heart failure with reduced ejection fraction (less than 45%) in the VICTORIA trial, resulting in its FDA approval for this application (Armstrong et al., 2020). However, this medication has not been formally studied for use in PAH. Several novel endothelin receptor antagonists, namely darusentan and aprocitentan, are currently being studied, though current studies focus on their potential use in essential hypertension and atherosclerosis rather than in PAH (Enevoldsen et al., 2020). ERA derivatives have also been previously explored in treatment of cancer and in diabetic renal disease, the latter with some degree of success (Heerspink et al., 2019).
In addition to the development of new conventional ERAs, both vaccination against ET-A and getagozumab (GMA-301), a humanized monoclonal antibody against endothelin receptor A (ET-A), have been developed with the potential for trials for PAH treatment (Zhang C. et al., 2019; Dai et al., 2019). A phase 1 trial to study dosing, safety, and efficacy in GMA-301 in PAH patients is actively recruiting (NCT04503733).
NOVEL TREATMENTS USING NEW PATHWAYS
Novel vasodilatory agents
Relaxin, a family of protein hormones first identified for its role in reproduction, has been shown to have manifold effects on the cardiovascular system, including stimulation of neoangiogenesis through increases in VEGF transcription, vasodilation through stimulation of NO production, and reduction in endothelin-dependent vasoconstriction (Feijoo-Bandin et al., 2017) (Table 3; Figure 2). In a rat model with hypoxia-induced PH, relaxin administration was found to inhibit proliferation based on decreases in collagen and fibronectin formation; high doses of relaxin were subsequently shown to improve pulmonary arterial compliance and suppress VF and asystolic arrest in a Sugen-hypoxia rat model (Tozzi et al., 2005; Martin et al., 2021). Human trials of relaxin have centered on left-sided heart failure; RELAX-AHF, a trial using the recombinant human relaxin 2 serelaxin in acute left-sided heart failure, reported improvements in dyspnea and deaths at 180 days, but the much larger RELAX-AHF2 trial but did not show significant improvements in cardiovascular or all-cause mortality (Teerlink et al., 2013; Metra et al., 2019). Interestingly, higher circulating relaxin levels were separately demonstrated to correlate with higher mPAP and worsened RV dysfunction in a cohort of patients with acute left-sided heart failure due to both HFrEF and HFpEF, suggesting utility as a biomarker (Pintalhao et al., 2017). Relaxin may yet hold promise as a treatment modality in PAH, though no human trials are ongoing at the present time.
TABLE 3 | Selected novel treatment agents for pulmonary arterial hypertension.
[image: Table 3]Adrenomedullin (ADM) is a peptide hormone with activities that center on regulation of endothelial barrier function and vascular tone, with vasodilatory, anti-inflammatory, and antimicrobial effects, the last of which has raised interest for its use in the treatment of sepsis (Geven et al., 2018). In rat models of PAH, intravenous, inhaled, and cell-based gene transfer delivery of ADM have been shown to improve RV hypertrophy and pulmonary hemodynamics, and a related peptide, intermedin/adrenomedullin-2, has shown potent pulmonary vasodilatory effects through action on calcitonin-like calcitonin receptors in vitro and cellular models (Yoshihara et al., 1998; Nagaya and Kangawa, 2004; Kandilci et al., 2008; Telli et al., 2018; Holmes et al., 2020). Circulating ADM levels are elevated in PAH patients compared to healthy controls, and ADM levels have been shown to correlate with PAH severity based on REVEAL scoring and overall survival (Bouzina and Radegran, 2020). Though the biomarker remains a focus of intensive research in other arenas, there are no human trials presently planned in PAH patients.
Vasoactive intestinal peptide (VIP) induces pulmonary artery smooth muscle relaxation via activation of adenylate cyclase and generation of cAMP. Favorable effects on right ventricular and vascular remodeling have been shown with the administration of VIP to VIP-knockout monocrotaline mice models of PAH (Said et al., 2007). In humans, there appear to be marked reductions in serum VIP levels and decreases in immunoreactive VIP nerve fibers in the media layer of the pulmonary arteries compared to healthy patients; in vitro, VIP was also found to inhibit growth of PASMCs (Petkov et al., 2003). A subsequent study of inhaled VIP in 8 severe primary pulmonary hypertension patients showed significant improvements in mean pulmonary arterial pressure, stroke volume, and cardiac output, as well as an improvement in 6MWD of 113 m at 3 months’ treatment. In a subsequent trial of 20 patients with PH, of which nine had PAH and the remainder either WHO Group III PH due to lung disease or CTEPH, inhalation of a single dose of 100 mcg of aviptadil during right heart catheterization caused a small but significant decrease in mean pulmonary arterial pressure and increases in stroke volume and mixed venous O2 saturation, replicating these hemodynamic findings (Leuchte et al., 2008). However, these results were not replicated in a larger controlled trial; a phase II randomized-controlled trial of inhaled VIP in 56 PAH patients was unable to demonstrate any significant beneficial effects on hemodynamics or exercise capacity (Galie et al., 2010; Said, 2012). A sustained-release analogue of VIP, PB1046, has been evaluated in a group of 3 PAH patients with reductions in mPAP and increases in stroke volume and cardiac output based on implanted CardioMEMS data in 2 of the 3 patients (Benza et al., 2020). A phase 2 trial to study once-weekly subcutaneous PB1046/penziviptadil (NCT03556020) was unfortunately terminated due to COVID-19-related drug resupply problems, and ongoing studies of aviptadil appear to be focused on the treatment of COVID-19. Further studies are needed to evaluate safety, tolerability, and efficacy of VIP analogues in PAH patients.
Bone morphogenic protein receptor 2 and sotatercept
Mutations in the gene for BMPR2 (bone morphogenic protein receptor type 2) are the most common heritable factor leading to the development of HPAH, with the various described mutations causing dysfunction and/or reduced trafficking of the receptor to the cell surface, leading to markedly reduced levels in the pulmonary vasculature (Morrell, 2006). Reduced expression and downstream signaling of BMPR2 is also observed in rat models of non-heritable idiopathic PAH (Happe et al., 2020). Deficiencies in the BMP pathways have been shown to cause effects that include increased PASMC proliferation, decreased endothelial nitric oxide and eNOS levels, and a shift away from oxidative metabolism towards glycolysis (Dorai et al., 2000; Gangopahyay et al., 2011; Diebold et al., 2015).
Tacrolimus (FK506), a calcineurin inhibitor used commonly for immunosuppression in solid organ transplant patients, is a potent activator of BMPR2, and has shown ability to reverse PAH in various rat models (Spiekerkoetter et al., 2013). Low-dose FK506 was subsequently trialed in 3 patients with end-stage PAH, with significant benefits reported in symptom improvement and reduction of hospitalizations (Spiekerkoetter et al., 2015). TransformPAH, a larger randomized phase IIb trial of FK506 in 23 PAH patients, showed improvement in BMPR2 expression in the treatment group versus placebo (Spiekerkoetter et al., 2017). Some patients with more marked increases in BMPR2 expression with FK506 showed proportionally greater improvements in 6MWD and echocardiographic correlates of RV function, but the overall changes were not significant, noting that the study was not powered for this purpose.
Sotatercept (ActRIIA-Fc) is a novel fusion protein containing the extracellular domain of human activin receptor type IIA and the Fc domain of human IgG1. The protein acts as a ligand “trap” for members of the TGF-β family, which includes BMPR2. Through decreases in circulating TGF-β superfamily members, sotatercept is thought to rebalance the pro-proliferative activin growth differentiation pathway and antiproliferative BMP pathway, decreasing signaling that leads to pulmonary vascular remodeling. Use of a rodent analog of sotatercept in a Sugen-hypoxia rat model of PH showed marked decreases in proinflammatory and pro-proliferative gene profiles assessed by genome-wide expression analysis, and reversed RV dilatation, septal wall flattening, and RV fractional area change (RVFAC), all effects that were not seen with treatment with administration of sildenafil alone (Joshi et al., 2022). A phase 2 randomized, placebo-controlled, multicenter trial, PULSAR, evaluated 163 PAH patients on various baseline therapies, of which 106 were randomized to two doses of the drug or placebo and followed these patients for 24 weeks (Humbert et al., 2021). Subcutaneous injections of the drug were given every 21 days. A significant reduction in the primary outcome of PVR was observed, with secondary improvements in 6MWD (+29.4 m, 95% CI 3.8–55.0) and nt-pro-BNP levels. The phase 3 STELLAR trial, a randomized, double-blind, placebo-controlled trial evaluating change in 6MWD from baseline as its primary outcome, has completed recruitment and is presently active. Three additional trials are recruiting, including an open-label extension of other sotatercept studies (SOTERIA, NCT04796337), a placebo-controlled study of the drug in high-risk WHO Functional Class III and IV PAH patients (ZENITH, NCT04896008), and an additional placebo-controlled trial in PAH patients diagnosed within the prior 6 months (HYPERION, NCT04811092).
Tyrosine kinase inhibitors and related drugs
Multiple tyrosine kinase inhibitors have been explored for therapeutic use in PAH. These have shown promise in their pleotropic effects on PAH but have significant concerns have been raised regarding their safety and tolerability.
Imatinib, the first drug in this class to be FDA-approved, has been studied extensively for PAH treatment. Originally approved for use in treatment of Philadelphia chromosome-positive (Ph+) chronic myelogenous leukemia (CML), it was shown to reverse PAH in monocrotaline and chronic hypoxia rat models (Schermuly et al., 2005). This has been hypothesized to be due to inhibition of both platelet-derived growth factor (PDGF) signaling and of c-Kit, which reduces progenitor cell mobilization and maturation into mast cells, which are contributors to dysregulated angiogenesis in PAH (Farha et al., 2014). After several favorable case reports the drug was used in phase 2 trial of 59 patients with PAH; this showed significant hemodynamic improvements in PVR and cardiac output, but no significant change in 6MWD from baseline at 6 months (Ghofrani et al., 2010). Post-hoc analysis suggested greater hemodynamic improvement in those with higher baseline PVR. This was followed by the stage 3 IMPRES study, which enrolled 202 PAH patients with high baseline PVR (≥800 dyne s cm−5) already on two or more background PAH therapies (Hoeper et al., 2013). This did show a significant improvement in 6MWD from baseline at 24 weeks (32 m, 95% CI 12–52, p = 0.002) but saw a high rate of serious adverse events versus placebo, with high rates of gastrointestinal side effects and 8 patients developing subdural hematoma while on concurrent anticoagulation. The extension for the core study was subsequently discontinued by its parent company, Novartis. A phase 2b/3 study evaluating use of a dry powder form of the drug (AV-101), IMPAHCT (NCT05036135), is currently recruiting, as is a phase 1 study of a nebulized form of the drug (NCT04903730).
Sorafenib, an inhibitor of multiple tyrosine and serine/threonine kinases approved for use in treating multiple cancers, has shown favorable effects on PAH in rat models, including reduction in PA and RV pressures and reduced RV hypertrophy (Moreno-Vinasco and Garcia, 2010). A phase 1b trial of 12 patients, all of whom were on continuous parenteral prostacyclins, did not show improvement in baseline 6MWD at 16 weeks and showed a statistically significant decrease in cardiac output (Gomberg-Maitland et al., 2010). Notably, all subjects experienced at least one drug-related adverse event, with intolerance of the dermatologic side effects seen at usual dosing. A subsequent small human trial of 9 patients, 7 with severe refractory PAH and two with pulmonary veno-occlusive disease (PVOD), showed the drug to improve WHO Functional Class in eight patients and improve mPAP in six (Kimura et al., 2017). Most reported adverse skin reactions, but only 1 patient discontinued the drug for this reason.
Beyond their noted frequency of adverse effects, consideration of TKIs for the treatment of PAH is complicated by findings that some TKIs, particularly dasatinib, have toxic effects on the pulmonary vasculature and in fact appear to induce PAH. Dasatinib, a TKI also in widespread use for the treatment of Ph + CML, is thought to lead to PAH through endothelial toxicity, apoptosis, and by producing an exaggerated response to injurious factors, such as hypoxia (El-Dabh and Acharya, 2019). Thankfully, dasatinib-associated PAH does appear to be at least partially reversible after stopping the drug. Through pharmacovigilance database use, other TKIs show signals of association with PAH, including ruxolitinib and nilotinib (El-Dabh and Acharya, 2019). Nilotinib was explored in a small phase 2 trial for treatment of PAH (NCT01179737) which was terminated early in 2014 for a serious adverse event. Ruxolitinib has been described to exacerbate PAH in case reports, though its effect on modulating Jak2 is thought to hold therapeutic promise in PAH (see below). (Low et al., 2015).
The apoptosis signal-regulating kinase 1 (ASK1) inhibitor selonsertib has similarly shown promise in preclinical rat and mouse models of PAH. The kinase acts principally to modulate oxidative stress and has been shown to slow progression of PH and RV remodeling and to have direct antifibrotic effects on the RV (Budas et al., 2018). The phase 2 ARROW trial employed the drug in 150 patients with PAH treated with background therapy; it did not lead to significant hemodynamic or clinical improvements, though the drug was found to be well-tolerated (Rosenkranz et al., 2022).
Cyclin-dependent kinases (CDKs), which mediate the progression of the cell cycle, have recently emerged as a potential therapeutic target for PAH. CDKs have been shown to have heightened activity in PASMCs derived from IPAH patients, akin to the high activity shown in cancer cells. Inhibition of CDK4 and CDK6 using the breast cancer drug palbociclib was shown to reduce right ventricular systolic pressure and hypertrophy as well as reduce pulmonary vascular remodeling in Mct and Sugen-hypoxia rats, suggesting promise as a treatment strategy in humans (Weiss et al., 2019).
Seralutinib (GB002)
Modification of abnormal growth factor signaling may play a potential role in the treatment of PAH. Seralutinib (formerly known as GB002) is an inhaled, nonselective inhibitor of platelet-derived growth factor receptor (PDGFR) -α and -β, as well as colony stimulating factor 1 receptor (CSF1R) and c-KIT. In Sugen-hypoxia and monocrotaline rat models of PAH, seralutinib increased BMPR2 levels and caused reductions in right ventricular systolic pressure, mean pulmonary artery pressure, and pulmonary arteriolar muscularization (Galkin et al., 2022). The TORREY trial (NCT04456998) is a current phase 2 controlled randomized trial evaluating seralutinib on WHO Functional Class II and III PAH patients, with change in pulmonary vascular resistance at 24 weeks as its primary outcome (Frantz et al., 2021). It has been suggested that seralutinib may be a more easily tolerated therapy due to its inhalational route; its efficacy in humans will hopefully be determined based on the results of the TORREY trial.
Rho-associated protein kinase and related targets
Rho-associated protein kinase (ROCK) inhibitors have been explored as an avenue for PAH therapy. ROCK plays a major role in vasoconstriction, vasoreactivity, and proliferation of pulmonary artery smooth muscle cells in animal models of PAH, and the ROCK inhibitor fasudil was demonstrated to reduce pulmonary arterial pressures in rat models of PAH (Fukumoto et al., 2005; Nagaoka et al., 2005; Wei et al., 2019). However, a small subsequent trial of fasudil in PAH patients did not show significant differences versus placebo (Fukumoto et al., 2013). Continued study of various novel ROCK inhibitors for PAH is ongoing and continues to show promising results, though thus far limited to animal models (Cantoni et al., 2019; Yamamura et al., 2021). Activation of the adenosine A2A receptor, which causes downstream inhibition of ROCK pathways, has also shown promise; salidroside, which increases A2A expression, demonstrates inhibition of PAH development and PA remodeling in mouse models (Huang et al., 2015; Alencar et al., 2017).
ROCK has been proposed as a pathway through which statins may elicit a beneficial effect on PAH. Numerous trials of statins in rat models have demonstrated improvement or even reversal of PAH, with such improvements shown to be mediated through ROCK I and II (Girgis et al., 2007). Use of rosuvastatin added to fasudil in a rat model of PAH showed a greater reduction in right ventricular pressures and hypertrophy than fasudil alone (Jasinska-Stroschein et al., 2016). However, two randomized controlled trials in PAH using atorvastatin and simvastatin with aspirin unfortunately did not meet their respective endpoints, and neither showed improvement in 6MWD (Kawut et al., 2011; Zeng et al., 2012). ROCK inhibition was shown to ameliorate dasatinib-induced PAH in a rat model, itself thought to be due to endothelial dysfunction, increased ROS production, apoptosis, and increased levels of adhesion molecules, presenting a potentially beneficial modality specific to this subtype of PAH (Guignabert et al., 2016; Fazakas et al., 2018).
Mammalian target of rapamycin
The mammalian target of rapamycin (mTOR), a serine/threonine protein kinase involved in the coordination of growth and metabolism of cells, has been implicated as a potential target for PAH therapeutics. mTOR has a pro-proliferative and anti-apoptotic effect on PASMCs in both animal models and human cells, and mTOR complexes have been found to be upregulated in small remodeled pulmonary arteries and PASMCs isolated from patients with pulmonary hypertension (Goncharov et al., 2014; Babicheva et al., 2021).
Rapamycin, an mTOR inhibitor, has been shown to reduce pulmonary vascular remodeling in animal models of PAH, and to prevent and reverse proliferation of PASMCs derived from monocrotaline rat models of PAH (Paddenberg et al., 2007; Houssaini et al., 2013). Rapamycin also appears to activate PDGFR signaling in PASMCs, the same target pathway targeted by seralutinib (Shi et al., 2021). ABI-009, an albumin-bound form of sirolimus, is currently being used in an active phase 1 trial to determine efficacy and safety in PAH patients. An early abstract report indicated that of six patients, 1 discontinued treatment and 3 of the remaining 5 had a reduction in WHO Functional Class and an increase in 6MWD of over 130 m, suggesting therapeutic promise (Simon et al., 2019).
Mitochondrial pathways and oxidative stress
Oxidative stress appears to have a major role in the development of vasoconstriction and pulmonary vascular remodeling, and it induces the transition of pulmonary endothelial cells to mesenchymal cells. The “Warburg effect” describes the tendency for pulmonary vascular cells and right ventricular myocytes to switch from aerobic respiration to glycolysis, with this modulation of aerobic respiration resulting in increased reactive oxygen species in the process (Chan and Rubin, 2017). This glycolytic shift, analogous to that seen in malignant cells in cancer, results in a state of encouraged cellular proliferation and anti-apoptosis (Archer, 2017). Changes that produce this effect are largely mediated through the master transcription factor hypoxia inducible factor-1 (HIF-1α), which also appears to have a confer resistance to apoptosis when highly expressed (Greijer and van der Wall, 2004).
There have been therapeutic attempts to address the Warburg effect directly through mediation of oxidative metabolism. Dichloracetate (DCA) inhibits pyruvate dehydrogenase kinase, which shunts pyruvate from aerobic respiration to glycolysis and is upregulated in hypoxic settings. DCA significantly reduced PVR, PA remodeling, and right ventricular hypertrophy in chronically hypoxic rats, and has been shown to induce PASMC apoptosis (Michelakis et al., 2002). Use of DCA improved markers of mitochondrial respiration in explanted PAH lungs, and a 4-month open-label phase 1 study showed reductions in mPAP and PVR, albeit with widely varied responses dependent on function of other proteins involved in modulating the shift away from aerobic metabolism (Michelakis et al., 2017). Side effects such as peripheral neuropathy, though typically reversible with drug cessation, are likely to limit the therapeutic potential of DCA (Michelakis et al., 2008). A second strategy to modulate pyruvate management and restore mitochondrial pyruvate oxidation through inhibition of pyruvate carboxylase (PC) is also under research; use of the PC inhibitor phenylacetic acid significantly reduced RVSP in a Sugen/hypoxia rat model through attenuation of the glycolytic shift (Valuparampil Varghese et al., 2020).
Pathways complementary to glycolysis and the tricarboxyclic acid (TCA) cycle may also present targets for therapy. Glutaminolysis, the hydrolysis of glutamine by the mitochondrial enzyme glutaminase, repletes intermediates of the TCA cycle and is well known to provide metabolic fuel for the constitutive growth of cancer cells. Targeting this process has been studied extensively for cancer treatment and holds promise for modulating the unregulated proliferation of pulmonary vascular cells in PAH, in which there is evidence of dysregulated glutamine metabolism possibly mediated by hypoxia and HIF (Wang et al., 2022). Activation of glutaminolysis and subsequent proliferation resulting in pulmonary hypertension has been shown to be provoked by mechanical stiffening, which activates the transcription factors YAP1 and TAZ (Bertero et al., 2016). Simultaneous blockade of YAP1 with verteporfin and glutaminase with CB-839 showed improvements in hemodynamic markers and signs of vascular remodeling and stiffening in a monocrotaline rat model of PAH (Acharya et al., 2021). Glutaminolysis has also been found to be a key metabolic pathway in the formation of myofibroblasts and thus progression of cardiac fibrosis; inhibition using CB-839 or genetic deletion of glutaminase prevented myofibroblast formation in vitro (Gibb et al., 2022). Modulating glutamine metabolism therefore appears to hold promise for addressing both vascular and cardiac sequalae of PAH.
The transcription factor nuclear factor erythroid 2-like 2 (Nrf2) has been shown to be protective against PAH and to have antioxidant, antifibrotic, and anti-inflammatory effects. Nrf2 deficient mice exposed to chronic hypoxia show worsened RVSP and right ventricular hypertrophy, with this affect ameliorated by use of the Nrf2 activator oltipraz (Eba et al., 2013). Activation of Nrf2 with the polyphenol salvianolic acid A reduced reactive oxygen species formation and endothelial-mesenchymal transition in human pulmonary arterial endothelial cells, and reduced inflammation and free radical production in a monocrotaline rat model (Chen et al., 2017).
Bardoxolone methyl, an inducer of Nrf2 and suppressor of NF-κB, has been employed in several clinical trials in PH patients. Because of the widespread array of Nrf2 targets, including endothelial cells and macrophages, the phase 1/2 LARIAT trial was not limited to Group I disease, and included subsets of both PH-ILD (Group III) and sarcoidosis (Group V) patients. An initial report of data from 24 patients in LARIAT suggested the drug was well tolerated and showed a significant increase in 6MWD vs. placebo (21.4 m, p = 0.037), and a subsequent report of data on 22 CTD-PAH patients showed a non-significant placebo-corrected 6MWD increase of 26.1 m (p = 0.06) (Oudiz et al., 2015; Oudiz et al., 2017). The placebo-controlled phase 3 CATALYST trial (NCT02657356) aimed to recruit 202 patients with CTD-PAH but unfortunately was terminated due to COVID-19-related exposure concerns for the study patients. Its long-term study extension, RANGER (NCT03068130) was also stopped for the same reason. Plans to restart these or similar trials are not clear.
The thromboxane-prostanoid (TP) receptor is a signal mediator of 15-F2t isoprostane, a biomarker of oxidative stress that correlates with severity of heart failure and may play a direct role in cardiomyopathy (Nonaka-Sarukawa et al., 2003; West et al., 2016). TP receptor activation in mouse models of hypertension induces cardiac hypertrophy, and receptor density is increased in the human right ventricle in PAH (Katugampola and Davenport, 2001; Francois et al., 2004). Use of the TP receptor antagonist CPI211 in a pulmonary artery banding mouse model of PAH substantially reduced RV fibrosis and hypertrophy; notably, use of a thromboxane synthesis inhibitor or aspirin did not achieve these same effects (West et al., 2016). Ifetroban, a selective thromboxane A2 and prostaglandin H2 receptor antagonist, has been explored for the treatment of numerous diseases, most recently dilated cardiomyopathy in Duchenne muscular dystrophy (Mitchell et al., 2021). Ifetroban is now being used in an active phase 2 placebo-controlled trial of PAH due to systemic sclerosis (NCT02682511), with the primary goal to explore safety and incidence of adverse events.
Sex hormones in the treatment of PAH
Ongoing research has explored the “estrogen paradox” of PAH - while estrogen appears to confer a protective effect on outcomes in vitro, PAH has a higher incidence in women (Umar et al., 2012). The overall effects of the estrogen axis on PAH are quite complex. Estradiol (E2) has demonstrated protective effects on the right ventricle, though elevated levels are seen in patients with PAH and are associated with worsened exercise capacity. Other estrogen metabolites demonstrate detrimental pro-proliferative effects, and of the two types of estrogen receptors, ERα and ERβ, the former is pro-proliferative while the latter has protective and anti-proliferative effects on the pulmonary vasculature, as shown by successful use of ERβ-specific phytoestrogens in a rat model of PAH (Homma et al., 2006). In very early experiments in animal models of PAH, E2 administration reversed vascular changes in both male and female animals, and in vitro studies showed the hormone to exert significant antiproliferative and antifibrotic properties, as well as to stimulate nitric oxide production through stimulation of nitric oxide synthase (NOS). (Umar et al., 2011).
However, despite protective effects of estrogen acting on ERβ receptors in animal models, higher circulating levels of estrogen are associated with more severe hemodynamic changes and worsened 6-min walk distance in men and post-menopausal women with PAH (Ventetuolo et al., 2016). This is thought to be due to overexpression of ERα in the pulmonary arteries of women with PAH, through which estrogen mediates neoangiogenesis through higher circulating numbers of hematopoietic progenitor cells (HSCs) (Masuda et al., 2007; Asosingh et al., 2008). Therapeutic trials targeting the estrogen axis in human patients have thus focused on blocking the effects of estrogen. Use of anastrozole, an aromatase inhibitor used in breast cancer that blocks conversion of androgens to estrogen, was explored in a randomized controlled trial of 18 patients with PAH, showing reduced circulating E2 levels and a significant increase in 6MWD of +26 m, compared to -12 m in the control group (Kawut et al., 2017). An ERα-specific inhibitor, fulvestrant, has been evaluated in a small proof-of-concept trial of five women with PAH not otherwise on hormone therapy; a median increase in 6MWD of +31 m was observed, along with a serum decrease in HSCs and pro-proliferative 16-α-hydroxyestradiol (Kawut et al., 2019). Both anastrozole and fulvestrant were well-tolerated in these trials. Further studies investigating use of anastrozole as well as tamoxifen, a selective estrogen receptor modulator (SERM) long established in treatment of breast cancer, are ongoing (see Table 2).
DHEA, a steroid precursor of both estrogen and testosterone, has also been shown to ameliorate PH in animal models of the disease, and lower circulating levels are correlated with worsened RV function and mortality in both men and women (Ventetuolo et al., 2016). DHEA has been shown to directly bind and activate NO synthase, suppress endothelin-1 expression, and stimulate pulmonary artery relaxation; in a trial in healthy adults, it was also shown to reduce IL-6 and TNF-α, inflammatory cytokines involved in PAH pathogenesis (Soon et al., 2010; Walsh et al., 2021). A phase 2 study exploring DHEA’s effects on RV function in PAH, EDIPHY (NCT03648385), is underway and currently recruiting.
Epigenetic modulators
The bromodomain and extra-terminal proteins (BET) are a family of epigenetic regulators of gene transcription that modulate numerous cell activities, including cell proliferation, angiogenesis, and apoptosis (Borck et al., 2020). Apabetalone, an orally available selective inhibitor of bromodomain (BRD2-4) and extraterminal proteins, is a first-in-class medication that has been or is being explored for multiple indications, including coronary artery disease (CAD), COVID-19 infection, heart failure after acute coronary syndrome (ACS), and PAH. The molecule targets BET proteins and is thought to inhibit maladaptive gene expression, including those that stimulate atherosclerotic change, and BRD4 in particular has been shown to play a significant role in the development of PAH (Meloche et al., 2015). Early studies of the drug showed improvement in coronary plaque volume and circulating lipoprotein levels, though a large randomized clinical trial of 2425 patients with coronary artery disease and type 2 diabetes mellitus did not demonstrate a benefit (Nicholls et al., 2011; Nicholls et al., 2016; Shishikura et al., 2019; Ray et al., 2020). A prespecified secondary analysis of the study did, however, show a reduction in rates of first and total hospitalizations for heart failure after ACS (Nicholls et al., 2021).
In vitro and in studies of several animal models of PAH, inhibition of BRD4 using apabetalone reversed the PAH phenotype and improved hemodynamics, and there has been benefit suggested by the effects of the drug on coronary disease and lipoprotein levels in earlier studies and the concordantly higher rates of CAD and metabolic syndrome in PAH. An open-label pilot clinical study, APPROACH-p, tested the drug in 7 PAH patients, and demonstrated favorable hemodynamic improvements in PVR, cardiac output, and stroke volume, though no changes to 6MWD or nt-pro-BNP (Provencher et al., 2022). A phase 2 randomized placebo-controlled trial to study the drug in PAH, APPROACH-2 (NCT04915300), is currently recruiting.
Serotonin (5-HT) in PAH treatment
Serotonin (5-HT) is an endogenous vasoactive monoamine, and the 5-HT transporter is highly expressed in the lung and in PASMCs. It has been postulated that serotonin may be a viable target for PAH therapy, as several subtypes of serotonin cause pulmonary vasoconstriction and induce PASMC proliferation (Kaumann and Levy, 2006). This association was identified after the emergence of PAH due to extended use of anorexigenic drugs such as fenfluramine, which are indirect serotonergic agonists (Abenhaim et al., 1996). The relationship has been demonstrated in animal models, with inhibition of serotonin receptors inhibiting the development of PAH in mice and rats (Dumitrascu et al., 2011; Delaney et al., 2018). An early study evaluated the 5-HT2A receptor antagonist ketanserin, showing a small vasodilatory response in a group of 20 primary PH patients (McGoon and Vlietstra, 1987). The serotonin receptor 5-HT2A & 5-HT2B inhibitor terguride showed favorable effects in reducing pulmonary vasoconstriction and PASMC proliferation in a monocrotaline rat model of PAH (Dumitrascu et al., 2011). However, in a phase 2a clinical trial, the drug showed no hemodynamic benefit in PAH patients, with high rates of severe adverse events and drug discontinuation (Ghofrani et al., 2012).
Tryptophan hydroxylase 1 (TPH1) is an enzyme involved in the rate-limiting step in serotonin synthesis and has been found to be upregulated in pulmonary arterial endothelial cells in those with PAH. Rodatristat, a peripheral inhibitor of TPH1, has shown efficacy in nonclinical models of PAH (Lazarus et al., 2022). Rodatristat ethyl is a prodrug of rodatristat that is orally bioavailable, reversible, and suppresses serotonin production without CNS effects as it does not cross the blood-brain barrier (Bader, 2020). The Phase 2b, double-blind, multicenter ELEVATE 2 trial (NCT04712669) is currently examining the effects of several doses of rodatristat ethyl in PAH patients (Lazarus et al., 2022).
Selective serotonin reuptake inhibitors (SSRIs) are theoretically promising agents that intervene along this pathway, but they have so far not shown meaningful results. One SSRI, escitalopram, was studied in PAH patients in 2008, but no results were published. A small open-label pilot study of fluoxetine did not find changes in hemodynamics, 6MWD, or clinical worsening events with fluoxetine at 12 or 24 weeks, with side effects limiting uptitration in 5 of 13 patients (Sodimu et al., 2020).
Agents targeting immune pathways
Autoantibodies are a major contributor to the development of pulmonary arterial hypertension, particularly in connective tissue disease. Agents felt to have clinical utility in addressing the underlying autoinflammation seen in diseases like systemic sclerosis have been explored to determine if they have efficacy in treating CTD-PAH as well. Rituximab, a monoclonal anti-CD20 antibody introduced for the treatment of lymphoma but now employed in a wide variety of autoimmune diseases, acts to deplete B cells, which express CD20 on their outer surfaces. Use of anti-CD20 antibodies in a novel ovalbumin inhalation rat model of PAH produced decreases in several pro-proliferative and pro-inflammatory markers, including IL-6, VEGF, and HIF-1α, and ultimately led to decreases in mPAP and RVH (Mizuno et al., 2012). A subsequent randomized controlled trial of rituximab in 57 CTD-PAH patients from 2010 to 2018 showed a trend towards 6MWD increase with the drug but did not reach significance at the planned primary outcome endpoint of 24 weeks, though differences were statistically significant by 48 weeks (Zamanian et al., 2021). Rituximab was well tolerated, with slightly more frequent serious adverse events in the rituximab group though not beyond what was expected.
Interleukin-6 (IL-6), a major pro-inflammatory cytokine produced during inflammation in acute infection, appears to play an important role in PAH, where higher serum levels are observed (Soon et al., 2010). Overexpression of IL-6 causes acceleration of pulmonary vascular disease in a rat hypoxia model of PAH, and overexpression of the receptor for IL-6 in human PASMCs has a pro-proliferative effect (Steiner et al., 2009; Tamura et al., 2018). Registry data has shown a correlation between higher IL-6 levels and worsened RV function and RV-PA coupling (Prins et al., 2018). A biobank study of over 2000 PAH patients showed much higher IL-6 expression in PASMCs than endothelial cells in PAH patients with no difference in controls, and an overall negative association between IL-6 and survival (Simpson et al., 2020). Notably, IL-6 levels were highest in portopulmonary hypertension and CTD-PAH, both higher risk PAH phenotypes. Given the increasingly clear role of IL-6 in the pathogenesis of PAH, directly targeting this cytokine using tocilizumab, an anti-IL-6 monoclonal antibody, may hold promise.
An open-label phase 2 trial, TRANSFORM-UK, administered 8 mg/kg of intravenous tocilizumab (up to an 800 mg maximum dose) monthly for up to 6 months to 29 PAH patients, with primary outcomes of safety based on adverse events and change in PVR by 6 months (Hernandez-Sanchez et al., 2018). While decreases in C-reactive protein and IL-6 were seen, there was no significant decrease in PVR and no change in other secondary outcomes; however, prespecified subgroup analysis suggested a decrease in PVR in the CTD-PAH patients (Toshner and Rothman, 2020; Toshner et al., 2022). In a separate Mendelian randomization study of nearly 12,000 subjects, a genetic variant of the IL-6 receptor associated with higher circulating IL-6R levels was unexpectedly found not to affect risk of PAH (Toshner et al., 2022). Based on this data, further exploration of IL-6 as a therapeutic target in CTD-PAH may have more promise than overall WHO Group I disease.
Interleukin-1 (IL-1) has also been shown to be involved in the aberrant inflammatory signaling of PAH, and to correlate with severity of RV failure in PAH (Soon et al., 2010). Favorable protective effects of IL-1 blockade using anakinra, a recombinant IL-1 receptor antagonist, led to an open-label phase IB/II pilot study of anakinra as add-on therapy in which 6 patients with stable PAH were ultimately enrolled and completed the trial protocol (Voelkel et al., 1994; Trankle et al., 2019). Anakinra use was safe and produced decreased CRP levels and a trend towards decreased IL-6 levels but was likely underpowered to show differences in the cardiopulmonary exercise testing and right ventricular echocardiographic parameters it measured.
Higher levels of Janus kinase activity 2 (JAK2) has been found in human PASMCs in PAH, and the use of the JAK2 inhibitor ruxolitinib reduced proliferation of PASMCs and improved both hemodynamics and RV function and remodeling in two rat models (Yerabolu et al., 2021). No current human studies of JAK2 inhibition in PAH appear to be in progress, but this preclinical data may warrant further exploration of ruxolitinib and other JAK2 inhibitors such as baricitinib.
Agents targeting DNA repair and cellular senescence
Poly (adenosine diphosphate-ribose) polymerase (PARP) is an enzyme involved in DNA repair that allows for ongoing cell survival despite DNA damage (Meloche et al., 2014). The persistent inflammatory state and oxidative damage that occurs in PAH leads to DNA damage; despite this, PASMCs in PAH exist in a pro-proliferative and anti-apoptotic state, leading to further progression of disease. PARP-1 has also been shown to upregulate proinflammatory cytokines like IL-6, which further contributes to apoptosis resistance through HIF-1α. PARP inhibition would therefore allow dysfunctional but proliferative PASMCs to proceed to cell death.
In vitro studies of human pulmonary artery explants showed significantly increased levels of DNA damage in PAH versus controls (Malenfant et al., 2013). PARP inhibition using ABT-888 decreased PASMC proliferation and increased levels of apoptosis, and showed reversal of downregulation of miR-204, a microRNA involved in reducing levels of pro-proliferative transcription factors NFAT and HIF-1α. The same agent showed reversal of PAH when administered to monocrotaline and Sugen/hypoxia rat PAH models.
Based on these findings, PARP inhibition appears to hold promise in the treatment of PAH. Oloparib is an orally available poly (adenosine diphosphate-ribose) polymerase (PARP) 1 inhibitor with efficacy as monotherapy or combination therapy for BRCA-positive advanced ovarian cancer, metastatic pancreatic adenocarcinoma, and HER2-negative high-risk early breast cancer (Moore et al., 2018; Golan et al., 2019; Tutt et al., 2021). A multicenter phase 1B trial in 20 PAH patients to evaluate safety and efficacy, OPTION (NCT03782818), is currently recruiting, with plans for a phase 2 trial to follow.
Cellular senescence, a phenomenon of arrested cell growth and division where cells do not progress through the cellular cycle and has been studied extensively as a process underpinning aging and age-associated diseases. Senescence is triggered by genotoxic stressors that induce a persistent activation of the cellular DNA damage response, resulting in a phenotype that both exits the cell cycle and does not progress to apoptosis while producing a specific set of inflammatory mediators that suppress regenerative growth (Culley and Chan, 2022). Senescence of endothelial cells has been implicated in PH and senescent profiles have been observed in both in vitro and animal models of PAH and appears to be associated with deficiency of frataxin. Frataxin deficiency results in a deficiency of endothelial iron-sulfur clusters and a heightened DNA damage response resulting in endothelial senescence, which leads to vessel remodeling and PAH (Culley et al., 2021). The senolytic ABT263 (navitoclax), which induces apoptosis specifically in senescent cells, successfully reversed the hemodynamic changes of PAH in a monocrotaline rate model of PAH with aortocaval shunting (van der Feen et al., 2020). Navitoclax is being employed in multiple solid and hematologic cancer treatment trials and may hold promise for human trials treating PAH.
Agents targeting metabolic pathways
Insulin resistance appears to be more common in PAH patients than in the general population and represents a potential risk factor for more severe disease. The presence of insulin resistance has been associated with worsened WHO Functional Class and left ventricular diastolic function in PAH (Zamanian et al., 2009; Brunner et al., 2014). Metabolic dysfunction and insulin resistance, replicated in animal models through use of a high-fat diet, have also been shown to adversely affect the pulmonary vasculature by inducing oxidative stress, vascular remodeling, inflammation, and alterations in lipid metabolism (Trammell et al., 2017; Brittain et al., 2019). The numerous agents used to address diabetes mellitus thus may hold promise for the treatment of PAH.
A strong correlation has been shown between circulating insulin levels and PAH severity in a BMPR2 mutant model of PAH. Insulin sensitivity in ApoE-deficient mice who develop PAH after exposure to a high fat diet improves with administration of the peroxisome proliferator-activated receptor-gamma (PPAR-γ) binding agent rosiglitazone (Hansmann et al., 2007). Rosiglitazone also has been shown to reduce PASMC proliferation and to reduce endothelin-1 and VEGF levels in a chronic hypoxia rat model of PH (Hansmann et al., 2007; Kim et al., 2010). Promising findings of normalization of PA pressures and improved RV function with pioglitazone in rat models have also been shown (Legchenko et al., 2018). Though promising, the connection between the thiazolidenediones and heart failure and fluid retention may dampen promise as PAH treatment options (Hernandez et al., 2011). However, pioglitazone has an overall better side effect profile and has prevented development of HFpEF in a rat model and may be a stronger choice for future studies (Kamimura et al., 2016; Hansmann et al., 2020). Promisingly, pioglitazone use in the IRIS trial showed decreased rates of MI and stroke vs. placebo without increased rates of heart failure (Kernan et al., 2016).
The biguanide drug metformin, in widespread use for treatment of type 2 diabetes mellitus, has been studied as a treatment for an extremely wide spectrum of other diseases. The drug has broadly pleiotropic effects; in addition to its effects on hyperglycemia through increases in peripheral insulin sensitivity and decreases in intestinal glucose absorption and hepatic gluconeogenesis, it has been shown to have both antiproliferative activity and favorable effects on the endothelium (Agard et al., 2009). Further study has shown it exerts anti-remodeling and anti-apoptotic effects through action on AMPK, through which it may decrease endothelin-1 levels (Yoshida et al., 2020). Interestingly, it has also been shown to reduce PAH through reduction in circulating estrogen via inhibition of aromatase synthesis (Dean et al., 2016).
In hypoxia and monocrotaline rat models of PAH, metformin has been shown to prevent the onset of PAH; however, results have been more equivocal in Sugen hypoxia rat models of PAH, in which trials have shown both reversal of PAH or no significant effect on amelioration or prevention of PAH (Agard et al., 2009; Goncharov et al., 2018). More promise has perhaps been suggested in PH-LHD, which is closely tied with insulin resistance (Mulkareddy and Simon, 2020). A small phase 2 trial of metformin in 20 patients with IPAH showed it to be well-tolerated and safe and suggested a small improvement in right ventricular fractional area change but was not powered to demonstrate changes in clinical outcomes (Brittain et al., 2020). An earlier attempt at a phase 3 trial studying metformin in PAH, MetHAP, was unsuccessful; a larger placebo-controlled trial comparing metformin with or without a mobile health intervention is currently recruiting.
Sodium glucose cotransporter 2 (SGLT2) inhibitors have been the target of intense interest in the treatment of heart failure, with great successes demonstrated in trials studying empagliflozin in both HFrEF (EMPEROR-Reduced) and HFpEF (EMPEROR-Preserved), both of which showed significant reductions in cardiovascular death and hospitalization (Packer et al., 2020; Anker et al., 2021). Trials in left sided heart failure have also demonstrated improvements in pulmonary hemodynamics that may translate to efficacy in PAH. The EMBRACE-HF trial, a placebo-controlled trial used CardioMEMS monitoring in patients with stable left-sided heart failure, showed a significant reduction in pulmonary artery diastolic pressure and a trend towards reduced mean pulmonary arterial pressures independent of loop diuretic use (Nassif et al., 2021). An open-label trial of dapagliflozin in 78 patients with stable NYHA Class I-II heart failure showed reductions in development of exercise-induced pulmonary hypertension (Kayano et al., 2020).
In PAH models, the medication class appears to have favorable vasodilatory, antiproliferative and anti-inflammatory effects, and they may act to directly prevent cardiac remodeling (Lee et al., 2019; King and Brittain, 2022). Empagliflozin has been shown to prevent progression of PAH in a monocrotaline rat model (Chowdhury et al., 2020). A phase 2 trial of dapagliflozin in PAH (DAPAH, NCT05179356) is preparing to begin recruitment, with change in VO2max from baseline to 3 months as its primary outcome.
Glucagon-like peptide-1 (GLP1) agonists, in widespread use in the treatment of diabetes mellitus and in increasing use as potent agents for weight loss, may hold promise for treatment of PAH as well. GLP1 agonists have multiple metabolic effects, including insulin regulation at the pancreatic level, induction of brown fat thermogenesis, and signaling of satiety at the hypothalamus (Andersen et al., 2018). GLP1 agonist therapy increased nitric oxide production and reduced right ventricular systolic pressures and pulmonary arteriolar thickness in a mouse model of PAH; studies in rat models show GLP1 agonism reduces PASMC proliferation and inflammatory signaling. These promising findings may be used to justify studies in humans in the future (Honda et al., 2018).
ADAPTATION OF LEFT HEART FAILURE MANAGEMENT STRATEGIES
Numerous strategies successfully employed in management of left heart failure have also been studied as therapeutic targets for PAH and right ventricular failure. These include blockade at various points along the renin-angiotensin-aldosterone system (RAAS), including use of angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), aldosterone blockade, beta blockade, and cardiac resynchronization therapy. Additionally, some promise has been shown in modulating sympathetic and parasympathetic autonomic nervous activity. These pathways are logical targets for therapy given the contribution of RAAS system activation and elevated sympathetic tone to PAH, though the amount of promise shown as treatment targets has been variable (Ciarka et al., 2010; de Man et al., 2012).
THE RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM
Addressing RAAS dysregulation with ACE inhibitors, ARBs, and aldosterone blocking agents has long been an established element of goal-directed medical therapy in left heart failure. Studies of IPAH patients have also shown dysregulation of the RAAS and elevated levels of renin, angiotensin I, and angiotensin II, with higher levels correlated to disease progression and mortality, and higher expression of AT1 receptors is observed in pulmonary vascular smooth muscle cells in IPAH (Orte et al., 2000; de Man et al., 2012). Animal studies have shown that use of ACE inhibitors reduces pulmonary vascular medial thickening in chronically hypoxic rats with pulmonary hypertension, and several studies using ARBs in animal models of PAH have shown benefits including decreased right ventricular afterload, improved right ventricular-arterial coupling and diastolic function, and prevention of pulmonary vascular remodeling (Abraham et al., 1995; Rondelet et al., 2005; Kato et al., 2008; de Man et al., 2012; Li et al., 2014). However, in an older study in 7 women with PAH, captopril showed no improvement in hemodynamics or exercise tolerance, and a study of ARB use in COPD-PH showed no clear clinical benefits (Leier et al., 1983; Morrell et al., 2005). The role of ACE inhibitors or ARBs in PAH patients remains unclear aside from their use in treatment of concomitant essential hypertension.
More recently, there has been increasing interest in ACE2 as a therapeutic target, with recent discoveries of ACE2 deficiency rendering mice more prone to develop hypoxia-induced PH and an imbalance between ACE and ACE2 levels in a cohort of PAH patients (Hemnes et al., 2018; Zhang et al., 2018). These findings were channeled into studies of ACE2 gene transfer and ACE2 agonists in animal models, then into use of recombinant human ACE2 infusion (GSK2586881) in a Phase I study of five PAH patients who showed improvements in cardiac output and PVR and decreases in markers of oxidant stress (Yamazato et al., 2009; Breitling et al., 2015; Hemnes et al., 2018). A subsequent Phase II study (NCT03177603) has completed, but it is unclear if there are further development plans for the drug. Separately, successful efforts to stabilize the ACE2 and Ang-(1–7) proteins for delivery using plant cells also hold promise for its use as a potential oral therapy (Shenoy et al., 2014; Daniell et al., 2020).
Aldosterone blockade has also been a target of interest with mixed results. The ARIES trials used a combination of ambrisentan and spironolactone in a small group of patients with PAH and demonstrated improvements in nt-proBNP and 6MWD compared to ambrisentan alone, but the trends were not statistically significant, and no functional measures of the right heart were included (Maron et al., 2013). A single-center study of PAH patients taking aldosterone receptor antagonists had a significantly greater rate of hospitalizations than those who did not; however, a subsequent cross-over study of spironolactone use in 42 PAH patients showed the drug was well-tolerated but demonstrated no differences in the primary outcome of collagen biomarkers or secondary outcomes, including 6MWD and hemodynamic parameters (Corkish et al., 2019; Safdar et al., 2020). Additional trials to study aldosterone blockade in PAH and stable right heart failure are actively recruiting. Finally, with the successful adoption of sacubitril-valsartan in HFrEF management, there is interest in use of neprilysin inhibition in PAH. Sacubitril-valsartan has been shown to reduce RVSP and RV wall thickness and to increase cGMP levels in a rat model of PAH, and a proof-of-concept trial using racecadotril in 21 PAH patients showing that the drug was well-tolerated and produced significant decreases in PVR (Clements et al., 2019; Hobbs et al., 2019).
Beta blockade and sympathetic-parasympathetic pathways
Beta-adrenergic blockers, while a cornerstone treatment in left heart failure, have shown mixed results in studies of pre-capillary pulmonary hypertension and right heart failure. A 2010 study of beta-blockade in a rat model demonstrated beneficial effects on the right ventricle in the form of decreased fibrosis, apoptosis, and capillary loss in right ventricles with pressure overload, though such a benefit was not seen in a later study of bisoprolol and losartan in RV hypertrophy (Bogaard et al., 2010; Andersen et al., 2014). Clinical studies have also been equivocal; detrimental effects of beta-blockade were seen in a trial of portopulmonary hypertension patients, while a 2017 study of 30 patients, most of whom had WHO Group I PH, found improved heart rate recovery after exercise and no decrease in cardiac output with the use of carvedilol (Provencher et al., 2006; Farha et al., 2017). Beta-blockers remain indicated in patients with PAH only for treatment of appropriate comorbidities such as coronary artery disease or arrhythmias (Perros et al., 2017).
More direct interventions to reduce heightened sympathetic activity in PH have also been explored. Sympathetic ganglion block was explored in a monocrotaline rat model of PAH and demonstrated decreased right ventricular hypertrophy and pressures along with a measurable decrease in oxidative stress (Na et al., 2014). Pulmonary artery denervation, a minimally invasive endovascular procedure, is a subject of ongoing research and has been tested both in animal models and in patients. A phase II trial of 66 patients revealed improvement in 6MWD and cardiac output along with decreases in mPAP, PVR, and RVSP that were maintained at 6 and 12 months from the procedure, though the study did not include a comparator group (Chen et al., 2015). Favorable improvements in 6MWD and PVR have been reported in a small trial of CpC-PH, but its applicability to PAH patients is unclear, and trials exploring pulmonary artery denervation in PAH are ongoing (Zhang H. et al., 2019; Rothman et al., 2020). A related strategy, renal denervation of sympathetic fibers, has previously been explored as a treatment for refractory systemic hypertension and shown beneficial effects on the RV and pulmonary vascular remodeling in monocrotaline rat models, though decreases in systemic blood pressure would be a significant concern in PAH patients (Liu et al., 2017; Vaillancourt et al., 2017).
With the establishment of elevated sympathetic nervous system activity as an element in the pathogenesis of PH, the parasympathetic nervous system, which has shown concurrent decreases in activity in PAH, has also emerged as a target for treatment (da Silva Goncalves Bos et al., 2018; Hemnes and Brittain, 2018). Use of the acetylcholinesterase inhibitor pyridostigmine in a rat model of PAH demonstrated decreased right ventricular hypertrophy, fibrosis, and stiffness in a pressure-volume loop analysis (da Silva Goncalves Bos et al., 2018). Direct modulation of the parasympathetic nervous system through vagal nerve stimulation has also been studied in animal models, with a 2018 study finding decreases in pulmonary artery pressure, vascular remodeling, and RVEDP and increases in cardiac index (Yoshida et al., 2018).
Right atrial pacing and cardiac synchronization therapy
There has been ongoing interest in strategies that directly affect the timing of the contractility of the right atrium and ventricle in pulmonary arterial hypertension, namely right atrial pacing and cardiac resynchronization therapy.
Right atrial pacing has been employed in cases of right ventricular infarction and after cardiac surgery to improve cardiac output, and in the latter has been shown to increase RV contractility (Lancon et al., 1994; Vrouchos et al., 1997). In a 2021 study, patients with PAH referred for right heart catheterization underwent evaluation with a pressure-volume catheter before and after introduction of a pacing wire into the right atrium, with measurements of pressure-volume loops, right ventricular end-diastolic volume (RVEDV), cardiac output, and stroke volume (Khural et al., 2021). 32 subjects were enrolled, of which 16 were ultimately included in the study. Increasing heart rates through RA pacing produced significant improvements in measures of RV contractile force, decreases in RV end-diastolic pressure and volume, and increased cardiac output, though a significant decline in stroke volume was seen. Right atrial pacing was thought to improve interaction between the right and left ventricles to allow optimization of LV filling, thereby increasing cardiac output. Though the study was small and limited to a brief period on the day of right heart catheterization, it may represent a promising strategy to treat a failing right ventricle in the setting of PAH. The implications of chronic pacing will need to be explored in further studies; the authors assert that continuous hemodynamic monitoring would likely be necessary, and the effect of higher basal heart rates resulting in higher baseline myocardial oxygen demand over the long term is a major consideration.
Similar lines of thought have driven consideration of cardiac resynchronization therapy (CRT) as a therapy in right ventricular failure in PAH. CRT therapy in LHD primarily functions to resynchronize ventricular contraction but also appears to reverse long-term maladaptive cardiac remodeling (Jones et al., 2017). In the face of chronically elevated pulmonary vascular resistance, maladaptive remodeling of the right ventricular myocardium appears to lead to delayed intraventricular conduction and interventricular dysynchrony, like that observed in the left ventricle. This conduction delay in turn affects LV performance through multiple mechanisms, including increasing septal bowing into the left ventricle, compromising diastolic filling, and increasing left chamber pressures (Rasmussen et al., 2014). By ameliorating this dysynchrony, CRT has been proposed as a mechanism to improve biventricular performance and thus reverse RV remodeling.
Use of CRT was first explored successfully in PAH due to congenital heart disease by Dubin et al. (2003), though these 7 patients demonstrated dysynchrony due to overt conduction delay from right bundle branch block, felt to be more akin to left heart failure than PAH. This was explored first in animal models and then as proof of concept by Hardziyenka et al. (2011) in a cohort of 14 CTEPH patients, all of whom had long diastolic interventricular delays. These patients underwent temporary RV pacing using gradually shortened atrioventricular delay. The group showed significant decreases in diastolic interventricular delay, enhanced RV contractility, and increases in stroke volume. Despite evaluating HFrEF patients, a study of 31 patients by Martens et al. (2018) demonstrated improvements in pulmonary pressures and a long-term improvement in RV-PA coupling. Larger, long-term trials of CRT therapy in PAH are warranted, both to further explore the durable effects of this modality on the right ventricle and to determine the characteristics of PAH patients likely to respond best to the therapy.
Remote monitoring devices have also been explored as an adjunctive tool in the management of PAH. Remotely assessing 6-min walk distance, a cornerstone metric in evaluating PAH severity and response to therapy, has been a common goal. Trials using monitoring of physical activity via commercially available smartwatch and smartphone platforms have demonstrated feasibility in PAH patients and showed moderate to good correlation between traditional and digital 6-min walk distances (Glinskii et al., 2021; Stollfuss et al., 2021). Invasive monitoring systems such as the CardioMEMS sensor can assess pulmonary arterial pressures to allow real-time hemodynamics to guide heart failure therapy and have been explored primarily in left-sided heart failure. Safe long-term use of the CardioMEMS device has been demonstrated in a group of 26 PAH patients, with promise for larger scale testing, and the device has begun to be introduced for real-time measurement in pharmaceutical trials (Benza et al., 2019).
FUTURE DIRECTIONS
The broad landscape of new therapies being studied for pulmonary arterial hypertension promises both a bright future and growing complexity in how to approach its treatment. In the last several years, there have been further refinements to the risk stratification tools that guide current pulmonary vasodilator therapy in PAH. With the expected introduction of therapies like sotatercept, which utilize pathways more complex than the approved pulmonary vasodilators, these tools will have to adapt to fit a more intricate approach, and further phenotyping and personalization may be required to optimize treatment strategies. Additionally, further tools to better phenotype complex precapillary pulmonary hypertension could open treatment pathways to certain patients with multifactorial PH from several WHO Groups.
In this review, several promising treatments are discussed that showed significant promise at the preclinical level but went on to show no net benefits in phase 2 clinical trials. Further improvements in murine and rat models of PAH that are more reliably predictive of the treatment response in humans may allow for more effective focus on truly promising treatments. Exploration of meaningful treatment targets for human clinical trials, adapted to account for the relatively small numbers of subjects in PAH trials and potentially employing new biomarkers and genetic assay techniques, will also be critical to establish true benefit of emerging therapies (Sitbon et al., 2019).
Finally, there are great opportunities for PAH treatment within the field of new drug discovery and smart drug design. Numerous therapies discussed here were first established as treatments for cancer. With better understanding of the complex molecular pathways underlying PAH and as the potential of targeting these pathways becomes increasingly clear, computational techniques and artificial intelligence can be used to find existing drugs with compatible targets for treating PAH (Negi et al., 2021).
CONCLUSION
Therapeutics in pulmonary arterial hypertension has been an area of explosive research over roughly the last 20 years and new developments continue to emerge. Pulmonary vasodilator medications have become more diverse, easier to deliver, and guided by a much more sophisticated risk-stratified paradigm to guide their use. Beyond pulmonary vasodilators, the field is beginning to see the first medications targeting alternative pathways for treating PAH, promising both greater abilities to treat the disease and increasing complexity in the decisions surrounding starting and adjusting treatments. The wealth of treatment options currently being explored at the phase 1 and 2 levels promises continuing breakthroughs in PAH in the coming years.
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5-HT 5-hydroxytryptamine (serotonin)
6MWD 6-min walk distance
AC adenylate cyclase
ACE angiotensin converting enzyme
AM adrenomedullin receptor
ASK1 apoptosis signal-regulating kinase 1
BET bromodomain and extraterminal domain
BMPR2 bone morphogenetic protein receptor 2
BRD4 bromodomain-containing protein 4
cAMP cyclic adenosine monophosphate
cGMP cyclic guanosine monophosphate
CGRP calcitonin gene-related peptide
DHEA dehydroepiandrosterone
ERAs endothelin receptor antagonists
ETA & ETB endothelin receptors A & B
HIF hypoxia-inducible factor
IL interleukin
IP prostacyclin receptor
mPAP mean pulmonary arterial pressure
mTOR mammalian target of rapamycin
NF-κB nuclear factor kappa light chain enhancer of activated B cells
NO nitric oxide
Nrf2 nuclear factor erythroid 2-related factor 2
PA pulmonary artery
PAH pulmonary arterial hypertension
PARP poly (ADP-ribose) polymerase
PASMCs pulmonary arterial smooth muscle cells
PAWP pulmonary arterial wedge pressure
PDE5 phosphodiesterase 5
PDH pyruvate dehydrogenase
PDGFR platelet-derived growth factor receptor
PDK pyruvate dehydrogenase kinase
PGI2 prostaglandin I2
PH pulmonary hypertension
PPAR-γ peroxisome proliferator activated receptor gamma
PVR pulmonary vascular resistance
ROCK Rho-associated protein kinase
RV right ventricle
RXFP1 relaxin family peptide receptor 1
sGC soluble guanylate cyclase
TAZ transcriptional coactivator with PDZ-binding motif
TGF-βR TGF-β receptor
TP thromboxane receptor
TPH1 tryptophan hydroxylase 1
VPAC vasoactive intestinal polypeptide receptor
VIP vasoactive intestinal peptide
YAP1 Yes-associated protein 1
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